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PREFACE 

The  first  comprehensive  symposium  on  the  practical  application  of  Earth  resources  suivey  data  was  sponsored  by  the  NASA 
Headquarters  Office  of  Applications  from  June  9 to  12,  1975.  in  Houston,  Texas.  The  Lyndon  B.  Johnson  Space  Center  acted  as  host. 

This  symposium  combined  the  utilization  and  results  of  data  from  NASA  programs  involving  LANDSAT,  the  Skylab  Earth 
resources  experiment  package,  and  aircraft,  as  well  as  from  other  data  acquisition  programs. 

The  primary  emphasis  was  on  the  practical  applications  of  Earth  resources  survey  technology  of  interest  to  a large  number  of 
potential  users.  Also  featured  were  scientific  and  technological  exploration  and  research  investigations  wi*h  potential  promising 
applications. 

The  opening  day  plenary  session  was  devoted  to  papers  of  general  interest  and  an  overview.  The  following  2-1/2  days  were 
devoted  to  concurrent  discipline-oriented  technical  sessions  and  to  three  special  sessions  covering  State  and  Local  Users,  Coastal  Zone 
Management,  and  User  Service:  These  special  sessions  were  structured  to  provide  governmental  and  private  organizations  with  a 
comprehensive  picture  of  various  applications  in  the  management  and  implementation  of  remote-sensing  data  use  in  their  own 
programs.  The  concluding  day  was  a summary  with  selected  state,  international,  and  technical  session  papers,  summaries  of  significant 
results  from  special  and  technical  sessions,  and  an  overview  of  federal  agency  and  international  activities  and  planning. 

Volumes  l-A,  l-B,  l-C,  and  I-D  contain  the  technical  papers  presented  during  the  concurrent  sessions.  Volume  II  contains  the 
opening  day  plenary  session,  special  sessions,  and  the  concluding  day  summary  session.  Volume  III  contains  a summary  of  each  session 
by  the  chairman  and  session  personnel  and  provides  an  overview  of  the  significant  applications  that  have  been  developed  from  the  use 
of  remote-sensing  data.  Volume  III  also  includes  the  conclusions  and  needs  identified  during  the  individual  sessions  and  workshops. 

Opinions  and  recommendations  expressed  in  these  reports  are  those  of  the  session  members  and  do  not  necessarily  reflect  the 
official  position  of  NASA. 

Olav  Smistad 
Symposium  Coordinator 
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ABSTRACT 


Sites  of  geologic  structures  were  identi- 
fied using  Skylab  and  LANDSAT  imagery,  and  their 
relationships  to  groimdvater  recharge  and 
discharge  were  studied.  The  study  area 
lies  along  the  western  slope  of  the  Bighorn 
Mountains.  Runoff  flowing  from  the  Pre- 
cambrian  core  of  the  Bighorn  Mountains  sinks 
as  it  flows  over  outcrops  of  the  Bighorn 
dolomite.  A comparison  of  photo-geologic  maps 
prepared  from  Skylab  and  LANDSAT  imagery  and  a 
geologic  map  compiled  by  Darton  (1906) 
illustrates  that  photomapping,  by  itself, 
cannot  supply  adequate  detail  but  can  supple- 
ment reconnaissance  mapping.  Lineation  maps 
were  compiled  from  LANDSAT  and  Skylab  images 
and  compared  to  similar  maps  compiled  by  other 
investigators.  Many  of  the  linr ations  are 
expressions  of  tectonic  activity  that  affect 
fractures,  and  consequently,  groundwater  re- 
charge. Hydrologic  features,  in  the  form  of  ' 
sinks  and  springs,  on  four  creeks  in  the  study 
area  were  located  on  the  lineation  maps  and 
their  relationships  to  the  lineations  were  ob- 
served. A direct  correlation  exists  between 
mapped  lineations  and  the  hydrologic  features. 

A comparison  of  the  interpretations  of 
other  investigators,  made  independent  of  the 
geohydrological  study,  also  show  a direct 
correlation.  This  observation  indicates 
direction  of  movement  and  the  quantity  of 
groxandwater  recharge  and  discharge,  expressed 
as  fracture  concentration,  may  be  estimated 
by  comparing  lineation  maps  to  drainage  and 
geologic  maps  in  areas  where  groundwater 
movement  is  fracture  controlled. 


INTRODUCTION 

Satellite  imagery  was  used  as  an  aid  in  the  identification  of  sites 
of  groundwater  recharge  and  discharge  to  the  Bighorn  Basin  of  northern 
Wyoming.  The  study  area  lies  along  the  western  slope  of  the  Bighorn 
Mountains  between  Shell  Canyon  and  the  Tensleep  fault  encompassing 
approximately  700  square  miles  (Figures  1,  2a,  and  2b),  In  this 
region,  the  Paleozoic  rocks  that  comprise  the  aquifer  are  impermeable 
unless  fractured.  Groundwater  itself  cannot  be  detected  from 
satellite  imagery  but  geologic  structures  controlling  recharge  are  read- 
ily observed.  LANDSAT  imagery,  and  Skylab  and  high-altitude  aerial  photo- 
graphy have  proven  valuable  in  defining  the  structural  framework  of 
the  region. 


Paleozoic  recks  cropping  out  in  the  study  area  include  the  Pennsyl- 
vanian Tensleep  ftnd  ftmsden  formations,  Mississippian  Madison  limestone, 
Ordovician  Bighorn  dolomite,  and  Cambrian  Gros  Ventre,  Gallatin,  and 
Flathead  formations.  Figure  3 illustrates  a schematic  stratigraphic 
section  of  the  study  area.  Runoff  flows  from  the  Precambrian  core  of 
the  Bighorn  Moxmtains  across  the  Paleozoic  section  and  into  the  Bighorn 
Basin,;  Water  nor  tally  carried  in  surface  streams  often  sinks  as  it  flows 
&v&t  the  outcrops,  of  the  Bighorn  dolomite,  the  first  Paleozoic  carbonate 
encountered  .n  t!  e downstream  direction.  Down-gradient,  but  up-section, 
a portion  of  the  water  lost  to  sinks  reappears  in  springs.  Known  sinks 
and  springs  are  located  on  Figures  4a  and  4b.  All  the  i^stream  sinks  are 
found  in  the  Biijhorn  dolomite.  Springs  downstream  are  usually  found 
in  the  Madison  limestone.  In  two  cases  the  water  sinks  and  rises  twice 
in  a single  drainage. 

On  th(j  four  particular  creeks  in  the  study  area,  the  upper  sinks 
are  associated  w.th  cavern  systems  ranging  from  a few  hundred  feet  to 
almost  one  mile  »f  known  passage.  The  significance  of  the  sinks,  springs, 
and  photo  lineai  elements  detected  on  spacecraft  imagery  may  best  be 
exemplified  by  t -Bar  cave  on  Medicine  Lodge  Creek,  which  developed  as 
Medicine  Ledge  Creek  eroded  into  the  Bighorn  dolomite.  The  occurrence 
of  slickens '.des  of  the  walls  of  the  cave  demonstrates  structural  control 
of  the  passages.  A large  volume  of  water  flows  into  the  cavern  and 
follows  passages  developed  along  fractures.  One  quarter  mile  downstream 
from  the  sinks,  vater  rises  in  the  bed  of  Medicine  Lodge  Creek  from 
springs  probably  controlled  by  bedding  planes,  fractures,  or  both. 

PREVIOUS  WORK 

Darton  (j.906)  compiled  the  only  published  geological  map  of  the 
entire  area.  Wilson  (1938)  studied  a one-to-five  mile  wide  strip  along 
the  Tensleep  ault,  Lowry  (1962)  wrote  a USGS  open  file  report  on  ground- 
water  in  the  ■<  icinity  of  the  town  of  Tensleep,  Wyoming,  Mackin  (1947) 
and  Fansh.iwe  (1971)  described  the  structural  evolution  of  the  Bighorn 
Basin,  and  Hop  pin  and  Paliuquist  (1965)  and  Hoppin,  Palmquist,  and 
Williams  (1965)  defined  te'  tonic  controls  in  the  Bighorn  Mountains. 
Blackstone  (1973),  Hoppin  vl973),  and  Hoppin  and  Jennings,  (1971)  have 
studied  the  structural  geology  in  north-central  Bighorn  Mountains  and 
used  satellite  imagery  in  their  work. 

METHODOLOGY 

Several  types  of  imagery  are  available  for  this  area;  LANDSAT 
(1«3,000,000)  , Skylab  S-190A  (1 . 2,-800,000) , Skylab  S-190B  (li850,000),  and 
aircraft  (various  scales).  Although  the  study  involved  all  three  types  of 
imagery,  only  applications  ^ . LANDSAT  and  Skylab  imagery  will  be  summarized 
here.  Prior  to  interpret ’ng  the  imagery,  the  writer  spent  several  weeks 
mapping  the  geologic  e”i  nydrologic  features  in  parts  of  the  study  area 
during  the  summer  and  rail  of  1974.  As  a result,  many  of  the  interpre- 
tations reflect  exp  rience  gained  from  the  field  studies. 

The  LANDSA'^  and  Skylab  images  examined  are  described  in  Table  I. 


LANDSAT 

Date 

Image  Number 

Ground  Condition 

Image  Ouality 

5 Aug  7 2 

10n-2‘’291 

no  snow  cover 

excellent 

5 Sep  73 

14C9  -17285 

10%  snow  cover 

excellent 

if)  Oct  72 

1785-17294 

no  snow  cover 

('xcellent 

'1  Nov  7'; 

1121-17301 

40“%  snow  cover 

excellent 
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Table  I. 

, (cont.) 

Date 

Image  Number 

Ground  Condition 

image  Quality 

1 Peb 

73 

1193-17301 

90%  snow  cover 

excellent 

14  Feb 

74 

1571-17252 

60%  snow  cover 

excellent 

19  Feb 

73 

1211-17302 

total  snow  cover 

excellent 

Skylab 

Tra<  k 

Pass  Image 

Image 

Date 

Number 

Number  Number 

QualitY 

13  Jun 

73 

5 

10  3-190A 

10%  cloud  cover 

Frames  227-229 

S-190B 

10%  cloud  cover 

Frames  146-147 

TdbleTI 

Mi  availdbl"  LANDSAT  imagery  for  soring  ind  early  summer  of  1972  and 
1973  were  cloud  covered.  The  June  1974  images  wore  cloud-free  but  were 
not  available  for  this  study. 

Photogeoloqical  maps  of  the  area  ware  compiled  first  using  LANDSAT 
(Fiqvire  5a)  and  Skylab  (Figure  5b).  A comparison  of  the  remote  sensing 
maps  and  the  geological  map  prepared  by  Darton  (1906,  Figure  6a)  illus- 
trates a similarity  but  the  imagery  revealed  that  Darton's  map  is  geo- 
graphically imperfect.  For  example,  streams  were  misplaced  and  the 
aerial  extent  of  outcrops  was  distorted.  A skylab  imago  superimposed  on 
Darton’s  map  is  used  to  refine  the  geologic  mapping  (Figure  6b).  Streams 
were  correctly  placed  and  the  geology  was  adjusted.  Much  detail,  houevc'i-, 
was  not  discernible.  One  problem  encountered  was  tlie  two  completely 
different  grid  locations. 

Photol inear  mops  of  tlie  study  area  have  been  prepared  by  Hlackst.onc 
(1973,  Figure  7a),  Moppln  (1973).  Hoppin  and  Jennings  (1971,  Figure  7b), 
and  Farie  (unpublished.  Figure  7c).  Fae'h  map  is  somewhat  different  and 
reflect  different  interpretvat ions . Two  photolinear  maps  wt're  compiled 
by  the  author  for  ':ius  report  using  (’’iquro  3a)  and  Shvlab  (Figure 

9b).  Hoppin  (.1.974),  de.scribed  the  problems  of  to’-minoloqy  regarding 
lineaments  and  linears  detectable  on  spacecr.'.et  i'l.iqery.  Me  defines 
linears  as  "single  rectilinear  elements,  commonly,  'aat  not  necessarily, 
of  structural  origin.  Lineaments  are  "rectilinear  lines  or  zones  of 
structural  discordance  of  regional  extent."  For  p-,:  poses  of  this  report, 
lineaments  have  not  been  used  ber'auso  of  the  broad  scale  relationship.*? 
they  imply.  Instead,  "major"  and  "minor"  lint'ars  are  delineated  although 
some  "major"  linears  may  in  fai't  bc>  lineaments.  Care  was  taken  to 
eliminate  culttual-rolated  line.irs  such  as  tree  lines,  clear  cutting, 
and  fence  lines.  Figure  Sa  is  a representation  of  "major"  linears  or  very 
broad  scale  features  easily  detected  at  a glance.  Figure  7b  illustrates 
"minor"  linears  or  fixtures  wluch  are  m*’Ch  ino.  e subtle  to  detect,  but 
reflect  definite  linear  eontinuity.  These  maps  were  prepared  from 
various  interpretations  compiled  at  different  times  from  the  ditferent 
images  described  in  Table  I. 


RK.SULTS 


A dirc'ct  correlation  may  e.xist  bc>tweon  qeohydroloq ical  featuri's  and 
linears.  Many  of  the  linears  are  i*.\pressions  of  tectonic  features  t liat 
affect  the  qeohydroloq  ical  sy.stcm  In  the  area,  Linears  appear  to  correlate 
with  fractures  which  control  the  flow  of  water.  A comparison  of  tlu-  hydro- 
logical features  and  line.irs  (Figures  9.i,  9b,  and  9c)  yields  the  following 
results  in  each  of  the  four  drain.iqos  in  the  study  .mvii 
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Trapper  Creek  - The  cave  behind  the  sinks  has  not  been  explored  due 
to  a loj  jam  but  examination  of  springs  downstream  that  rise  from  the 
Devonian  rocks  on  the  north  face  of  Trapper  Canyon  suggests  that  the 
spring  water  is  not  the  same  water  flowing  into  the  sink.  The  sink  occurs 
at  the  intersection  of  a major  and  minor  linear  (Figure  9b).  The  minor 
east-west  linear  appears  to  line  up  with  a line  of  mountain  crests  in 
the  Precambrian  core  to  the  east.  This  alignment  suggests  that  the  minor 
linear  may  be  a major  structural  element.  In  that  case,  the  sinks  would 
occur  at  the  intersection  of  two  major  linears. 

Dry  Medicine  Lodge  Creek  - One  of  the  major  cave  systems  known  in 
the  Bighorn  Mountains  occurs  at  the  intersection  of  several  linears. 

Within  the  cave  is  a network  of  passages  along  joints,  fractures  and 
faults,  many  of  which  contain  flowing  water.  The  water  does  not  reappear 
in  cuiy  large  sinks  downstream  and  is  assumed  to  be  recharging  the  Paleo- 
zoic aquifer.  A few  miles  downstream  from  the  cavern,  the  position  of 
the  springs  and  sinks  have  migrated  upstream  during  the  summer  and  are 
presumed  related  to  isolated  water  table  conditions  and  not  major  linear 
elements.  The  springs  furthest  downstream  issue  from  fractures  in  the 
Madison  Limestone. 

Medicine  Lodge  Creek  - Located  at  the  sinks  of  Medicine  Lodge  Creek 
is  P-Bar  Cave,  a fracture  controlled  cave  situated  at  the  intersection 
of  two  major  linears.  A large  amount  of  water  enters  the  cave  and  springs 
rise  from  the  creek  bed  a few  hundred  feet  below  the  cave.  Dye-tests 
conducted  by  the  author  prove  that  this  water  is  the  same  as  that  enter- 
ing the  cave.  A number  of  minor  linears  photomapped  in  the  vicinity 
of  the  cave  have  an  orientation  parallel  to  the  apparent  orientation  of 
passages  within  the  cave. 

Canyon  Creek  - The  sinks  and  springs  of  Canyon  Creek  are  each 
associated  with  major  linears.  Dye  tests  conducted  by  the  author 
revealed  that  the  sinks  and  springs  are  directly  connected  and  no  ground- 
water  recharge  is  occurring  at  this  location.  The  upstream  sinks  and 
springs  are  both  sites  of  open  passable  caves  although  open  passage  be- 
tween the  two  does  not  exist.  The  downstream  sinks  and  springs  are  not 
associated  with  caverns  and  they  are  clogged  with  debris. 

CONCLUSIONS 

The  value  of  satellite  imagery  in  the  geohydrological  application 
in  this  study  results  because  the  images  aid  the  investigator  in  locating 
structural  features  that  may  influence  groundwater  flow.  Results  of 
this  study  suggest  that  the  hydrologic  features  are  partially  controlled 
by  large-scale  structural  features  detectable  on  satellite  imagery. 

A direct  correlation  exists  between  mapped  linears  and  the  hydrologic 
features  observed  but  because  of  the  field  research  prior  to  the  image 
interpretations,  the  author's  interpretation  may  be  biased.  A comparison 
of  the  interpretations  of  other  investigators,  made  independently  of 
the  geohydrological  study,  also  shows  a direct  correlation  between  the 
location  of  sinks  and  springs  with  linear  or  linear  intersections. 

This  observation  indicates  direction  of  movement  and  the  quantity  of 
groundwater  recharge  may  be  expressed  as  a function  of  fracture  concen- 
tration, taken  from  photolinear  maps  that  are  compared  with  drainage 
and  geological  maps  in  an  area  where  groundwater  movement  is  fracture 
controlled.  The  right  compilation  of  fractures,  geology,  and  water 
drainage  could  result  in  a location  of  groundwater  recharge  cmd  discharge 
sites.  If  one  could  assume  similar  relationships  between  structure  and 
groundwater  movement  in  other  areas  (such  as  on  the  east  flank  of  the 
Bighorn  Mountains)  application  of  satellite  data  would  be  straightforward. 
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Unfortunately,  the  hydrological  systems  in  most  areas  are  extremely 
complex  and  analyses  require  both  remote  sensing  study  and  extensive 
field  research. 

The  program  of  continuous  LANDSAT  coverage  was  particularly  useful 
because  it  provided  a capability  to  study  imagery  acquired  during  a number 
of  weather  and  seasonal  conditions.  The  disadvantage  of  LANDSAT  imagery  is 
its  limited  resolution.  Definition  of  lithologic  contacts  is  extremely 
difficult.  The  Skylab  photography  was  far  superior  in  resolution  but 
cloud  cover  and  shadows  ooscured  part  of  the  area.  The  discontinuity 
resulting  from  the  cloud  cover  is  a major  disadvantage  when  using  the 
photography  in  a reconnaissance  study.  The  cloud-free  portion  of  the 
Skylab  photography  is  excellent  for  geologic  mapping,  particularly  when 
utilizing  the  capability  to  view  Skylab  photography  in  stereo,  but  some 
units  such  as  the  Madison  Limestone  and  Bighorn  dolomite  were  difficult 
or  impossible  to  differentiate. 
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ABSTRACT 


In  large  areas  of  the  Argentinian  Pampa  the  salinization  of  ground  water 
creates  water  supply  difficulties. 

Investigations  of  satellite  imagery  (Landsat-1  and  Skylab)  which  were  based 
on  an  extensive  ground  survey  revealed  that  differences  in  the  vegetation 
cover  are  closely  related  to  depth  and  salinity  of  ground  water. 

Narrow  elongated  depressions  called  "bajos"  are  often  the  only  indication  of 
fresh  ground  water.  They  can  be  easily  detected  on  the  imagery. 

Due  to  their  high  resolution  Skyllab  photos  even  allow  a quantitative  estimation 
of  fresh  ground  water  situated  below  the  bajos.  In  general  however  Landsal-1 
imagery  sufficed  for  evaluation. 

In  the  area  of  the  Rio  Tercero  a fossil  drainage  pattern  discovered  and 
in  Corrientes  province,  soil  types  could  be  discriminated  and  compared 
to  the  SOIL  MAP  OF  THE  WORLD. 

The  use  of  satellite  imagery  in  the  future  will  reduce  the  number  of 
observation  points  for  hydrogeological  reconnaissance  mapping  by  up  to 
75  % in  areas  with  similar  hydrogeological  conditions. 


INTRODUCTION 


The  lack  of  fresh  ground  water  for  consumption  by  humans  and  livestock 
in  the  Argentinian  Pampa  led  to  an  intern  ve  hydrogeological  investigation 
in  an  area  of  about  50, 000  km^  situated  between  the  Sierra  de  Cdrdobn 
in  the  West  and  the  Rio  Parang  in  the  East  (Fig.  1). 

The  ground  survey  was  carried  out  by  the  Institute  of  Geoscience  and 
Natural  Resources  of  Germany,  in  cooperation  with  Argentinian 
Organizations,  Mineria  y Geologia  and  Subsecretaria  de  Recursos  Hf^ricos. 

In  the  scope  of  a NASA  project  (SR  No.  330)  the  value  of  Landsat-1  and 
Skylab  data  vas  to  be  put  to  the  test  with  regard  to  the  hydrogeological 
problems. 

Initially  Landsat-1  imagery  covering  the  wholi  project  area  was  used  for 
the  investigation.  The  results  have  been  rep’  esented  in  a final  NASA 
report. 

Skylab  photos  available  later  covered  only  half  the  project  area  but 
included  additional  areas  in  the  Northeast  and  Southwest.  From  the 
Skylab  photography  use  was  made  mainly  of  IR  color  photos  as  these 
represented  contrasts  most  clearly. 


GEOLOGICAL  AND  HYDROGEOLOGICAL  CONDITIONS  OF  THE  PAMPA 


In  the  project  area  the  water  level  of  an  upper  ground  water  body, 
developed  in  quaternary  loess  sediments,  is  situated  between  0-20  m 
below  the  surface.  The  ground  survey  revealed  a rcationship  between 
morphology,  depth  to  ground  water  and  salinity  of  ground  water.  This 
relationship  is  reflected  by  a number  of  features  and  umts  at  the  earth’s 
surface  and  can  therefore  be  observed  on  Landsat-1  and  Skylab  imagery. 


Areas  with  saline  and  fresh  ground  water  due  to  different  depths 

to  ground  water 

The  area  under  investigation  is  generally  characterized  by  the  relatively 
high  salt  content  of  the  near  - surface  ground  water.  However  the  salt 
content  of  the  ground  water  differs  considerably  from  place  to  place. 


Regions  with  a ground  water  table  of  i<  ss  than  about  5-7  m appear  light 
blue  in  Sk3'lab  IR  color  photos  (Fig . 2) . High  evapotranspiration  in  the 
loess  sediments  results  in  increased  soil  and  ground  water  salinity  which 
leads  to  unfbvourable  conditions  for  certain  plant  species.  These  areas 
are  favoured  predominantly  by  halophytes. 

The  best  growth  conditions  prevail  in  regions  where  the  ground  water 
levels  are  situated  below  the  area  of  influence  of  evapotranspiration 
(approx.  10  m or  deeper). 

In  Skylab  IR  color  photos  these  areas  are  mainly  reddish  colored, 
indicating  that  they  are  densely  covered  by  vegetation  with  a high 
dlorophyll  content. 

Generally  ground  water  mineralization  increases  with 
decreasing  depth  to  ground  water.  It  can  be  assumed  that 
the  effect  of  evaporation  acts  to  a depth  of  about  3 m. 
Transpiration  by  plants  increases  the  potential  pumplift 
by  2 to  7 m. 


"Bajos" 

Bajo  is  the  Argentinian  term  used  to  describe  elongated  flat  depressions 
without  surface  drainage.  In  satellite  imagery  they  appear  as  sharply  defined 
strips.  They  run  more  or  less  straight  in  a ENE-WSW  direction,  are 
usually  between  100-200  m wide  and  are  spaced  at  relatively  even  distances 
of  approx.  2 km,  as  can  be  seen  in  satellite  imagery  (Fig.  2 b and  Fig.  3). 

The  consistant  pattern  of  the  bajos  throughout  the  Pampa  region  suggests  a 
tectonic  origin,  piobably  due  to  fractures  in  the  deep  underlying  c"ystfi '.line 
bedrock. 

After  heavy  rainfall  water  collects  in  the  bajos.  It  is  here  that  more 
water  infiltrates  than  in  the  vicinity.  As  a result  fresh  water  lenses  are 
formed,  under  the  bajos,  in  the  saline  ground  water  body,  thereby  offering 
water  supply  possibilities  for  rural  needs  (Fig.  4). 

Geophysical  research  and  pumping  tests  revealed  that  for  the  calculation  of 
fresh  water  reserves  (salt  content  lower  than  1 g/1),  a medium  thickness 
of  20  m can  be  assumed.  The  volume  of  the  fresh  water  impregnated  sediment 
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therefore  can  be  calculated  from  space  by  using  the  formula: 

V »W  X LxT 

■ avitaaaaMssaB 

V > Volume  of  the  fresh  water  saturated  sediment 
W » Width  of  the  bajo 

L > Length  of  the  bajo 

T ■ Known  medium  thickness  of  the  fresh  water 
saturated  sediment 

About  10  % of  the  Volume  (V)  is  assumed  to  be  the  total  quantity  of  extractable 
fresh  ground  water. 

As  an  example,  the  fresh  water  content  in  the  boxed  section  of  Fig.  3 should 
be  calculated: 

V ■ 400  rn  x 3000  m x 20  m 

V ■ 24,000,000  m^ 

Extractable  fresh  ground  water  in  this  bajo  section  is  therefore  10  % from 
24, 000, 000  m3  » 2, 400, 000  m^. 
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ANCIENT  RIVER  BEDS  OF  THE  RIO  TERCERO 


In  the  Southwest  of  the  project  area  and  adjacent  to  the  South  a net-like  pattern 
of  light  grey  to  light  blue  stripes  can  be  observed  on  the  Skylab  IR  color 
photo  (Fig.  5).  These  parts  of  the  area  are  only  sparsely  developed  agriculturally. 
The  soil  probably'  consists  of  fluviatile  sand  deposited  in  ancient  beds  of  the 
Rio  Tercero.  It  can  be  assumed  that  due  to  the  strong  percolation  into  the 
sandy  soil  there  is  insufficient  soil  moisture  lor  abundant  vegetation. 

Bajos  were  frequently  adapted  by  the  drainage  system  of  cue  Rio  Tercero.  For 
the  origin  of  the  pattern  the  following  theories  are  thought  to  be  reasonable: 

- The  Rio  Tercero  formerly  entered  the  Arroyo  de  las  Tortugas  in  the  East 
(Fig.  5).  In  the  course  of  time  the  Rio  displaced  its  river  bed  further  to 
the  West,  probably  induced  by  tectonic  movements,  temporarily  draining 
even  to  the  West  of  the  current  river  btd. 

- The  Rio  Tercero  had  a net-like  pattern  during  an  earlier  wetter  climate. 
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STUDY  OF  SOIL  AND  VEGETATION 


2 

Pedological  units  were  delineated  on  an  IR  color  photo  showing  about  1 3, 000  km 
of  Corrientes  province.  Northern  Argentina  (Fig.  6).  No  ground  truth  has 
been  carried  out  in  this  region.  The  investigation  was  i>ossible  only  by 
comparison  of  different  colored  and  textured  units  on  the  photo  with  the 
pedological  units  on  the  SOIL  MAP  OF  THE  WORLD  (FAO,  UNESCO  1971), 
as  well  as  by  analogic  conclusions  from  the  project  area  further  in  the 
Southwest. 

The  soil  types  delineated  on  the  SOIL  MAP  OF  THE  WORLD  (1  : 5, 000, 000) 
can  be  correlated  with  units  on  the  photo.  Locally,die  to  its  larger  scale,  the 
image  allows  a further  differentiation,  e.g.:  East  and  West  of  the  Rio  Parana 
where  exclusively  moUic  planosols  are  delineated  on  the  map.  In  the  Western 
area  where  a number  of  open  waters  and  more  intensive  vegetation  can  be 
observed,  the  distribution  of  hydromorphic  soils  is  taken  into  account. 

The  sediments  in  the  investigated  area  are  of  fluviatile  and  aeolian  origin. 

The  soil  moisture  is  influenced  by  the  river  floods  and  depth  to  ground  water. 

A clue  to  estimating  depth  to  water  is  the  distribution  and  accumulation  of 
open  waters  assuming  that  the  sediments  are  permeable. 

Different  intensity  and  chlorophyll  content  of  vegetation  is  imaged  by  different 
red  tones  on  the  photo.  This  is  an  important  criterion  ft,r  soil  type  identification 
as  the  predominant  natural  vegetation  in  this  region  reflects  the  genuine 
connection  between  vegetation,  soil  and  climate. 

Soil  types  u:  uie. investigated  area 

The  pedological  symbols  and  the  description  of  soils,  vegetation  and  lithological 
units  were  drawn  from  the  SOIL  MAP  OF  THE  WORLD. 

The  predomination  of  sand  or  clay  in  a soil  type,  which  could  be  detected  on  the 
image,  has  been  marked  as  index  s (^  sand)  or  c ( = clay)  over  the  soil  symbol. 

- Wm^  - » Mollic  planosols  (predominantly  clayish) 

Image  characteristic:  Predominantly  pale  pink  tones,  insignificant!; 

(I.C.)  textured  areas.  Regular  soil  conditions.  No 

agriculture. 

Deep  eroded  river  beds,  refer  to  deep  ground 
water  table.  Green-blue  and  blue  patches  in  the 
drainage  area  of  the  rivers,  show  areas  with 
high  soil  moisture  and  some  open  waters,  near 
surface  ground  water. 
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Description  taken  from 
SOIL  MAP  OP  THE  WORLD 
- (SMW): 


Xero^^hytic  deciduous  forest,  wet  palm 
savanna,  '^arantf  alluvium  and 
Pampean  foimation. 


- Wm  - « Mollic  planosols  (predominantly  sandy) 

8 

I.  C. : Predominantly  pink  to  white  tones;  mixed  texture; 

in  the  North,  blue  colored  areas. 

Natural  vegetation  and  agriculture  (field  pattern 
observable).  Few  open  waters  indicate  a relatively 
deep  ground  water  table.  To  the  North  reduction 
of  depth  to  ground  water. 

S.M.W.:  Xerophytic  deciduous  forest,  wet  palm  savanna; 

Parantf  alluvium. 


- Je  - = Eutric  fluvisols 

I.C. : Predominantly  dark-blue  to  grey-blue  areas  with 

some  pink  strips  indicate  flooded  areas  with 
locally  dense  swamp  vegetation. 

S.M.  W. ; Wet  palm  savanna,  swamps  and  meadows. 

Alluvium  of  the  valleys  and  depressions  with 
internal  drainage. 

- We^  - = Eutric  planosols  (predominantly  clayish) 

I.C. ; Predominantly  blue-green  areas  with  a few  pink 

patches.  Isolated  field  pattern.  These  areas 

are  less  moist  than  the  - Je  - areas,  to  which 

they  are  adjacent  in  the  South.  It  can  be  assumed 

that  the  Rio  Corrientes  has  a steeper  slope  in  the 

- We  - area, 
c 

S.M.W. : Xerophytic  deciduous  forest  palni  savanna; 

Alluvium, 


- We  - = Eutric  plane  sols  (predominantly  sandy) 

s 

I.C. : Predominantly  lig!  . grf»y  to  whitish  and  pink.  A 

great  number  of  open  waters  directed  North  to 
South  (probably  initiated  by  the  wind).  Near 
surface  ground  water.  Agriculture  dominates. 

S.M.W.:  Xerophytic  deciduous  forest,  palm  savanna; 

Alluvium. 
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- Gm  - “ Gleysoils 

Predominantly  red-brown  purpur  with  stripey 
texture,  e.g. : on  the  riverside  meadows  of 
the  Rio  Parent. 

Probably  vegetation  of  hydrophile  plants. 

On  the  SOIL  MAP  this  soil  type  is  not  delineated 
in  the  nvestigated  area.  Probably  because  of  its 
small,  distribution  it  is  connected  to  mollic 
planosols. 

The  resolution  of  the  Skylab  photo  also  allows  large  scale  pedological 
differentiation  due  to  the  individual  soil  textures  and  colot  s. 

The  satellite  image  is  an  important  tool  for  the  preparation  of  pedological 
mapping  and  the  determination  of  key  areas  in  regions  with  natural 
conditions  of  vegetation.  Its  application  allows  a considerable  reduction 
of  field  costs  as  ground  conditions  can  be  estimated  and  a preselection 
of  the  equipment  is  possible. 


I.C.; 


S.M.W.: 


BENEFITS  OF  LANDSAT-1  AND  SKYLAB  DATA  APPLICATION 

2 

About  20  available  wells  per  100  km  are  needed  for  conventional 
reconnaissance  mapping  of  depth  to  water  and  salinity  in  the  Pampa. 

Large  scale  mapping  for  water  supply  ^ :rpcscs  was  carried  out  using  about 
80  wells  per  100  km^. 

With  the  aid  of  Landsat-1  and  Skylab  imagery  tt\e  number  of  observation 
points  for  reconnaissance  mapping  can  be  reduced  by  up  to  50  % and  for 
large  scale  mapping  up  to  75  %.  This  equates  to  a reduction  of  field 
costs  from  8600  to  8300  (rec.  mapping)  or  respectively,  from  82,400 
to  8600  per  100  km^  (large  scale  mapping) . 

In  general  Landsat-1  imagery  sufficed  for  these  evaluations.  Only  in  cases 
where  higher  resolution  is  needed,  e.g. ; calculation  of  bajos  fresh  water 
reserves,  do  Skylab  photos  allow  a more  precise  determination. 


! 
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CONCLUSIONS 


Satellite  imagery  in  combination  with  ground  investigations  allows  the 
identification  and  delineation  of  the  near  surface  ground  water  (depth  to 
ground  water,  salinity).  The  degree  of  precision  achieved  is  greater  than 
that  obtainable  by  conventional  ground  survey  methods  alone. 

In  future  it  will  be  possible  to  produce  hydrogeological  maps,  cheaply  and 
more  quickly,  of  areas  with  similar  climatological  and  hydrogeological 
conditions. 


References 


Bundesanstalt  fUr  Bodenforschung,  unpublished  report  of  the  "Deutsche 
Hydrogeologische  Mission  in  Argentinien  (DHGM)";  Recursos 
de  agua  y su  aprovechamiento  en  la  llanura  pampeana  y en  la 
valle  del  Conlara . Tom«' 2,  Uanura  pampeana,  - Hydrogeologia 
Bundesanstalt  fUr  Bodenforschung,  Hannover  1973. 

RANGO,  A.  & ANDERSON,  A.T.,  1973;  ERTS  1 Flood  hazard  Studies  in 
the  Mississippi  River  Basin,  Goddard  Space  Flight  C ?nter, 
Greenbelt,  Maryland,  1 ■ 39. 

KRUCK,  W.,  1974;  Hydrogeologic  Evaluation  of  ERTS  & EREP  Data  for 
the  Pampa  of  Argentina.  - Proceedings  COSPAR  Workshop  on 
space  applications  of  direct  interest  to  developing  countries. 
Vol.  11;  pp.  134-140;  INPE  Sao  ,los(5  dos  Campos,  Sao  Paulo, 
Brazil. 


2190 


Depth  to  ground  water 
after  field  survey  and 
Skylab  photography 


\U\) (Tv 

“"■A//.  \\\ 


SH  Isolines  of  depth  to  ground  water  in  meters 
Depth  to  ground  water  more  than  10  m 
I Depth  to  ground  water  lees  than  2, 5 m 


Road 
L' — I Bajo 


Fig.  2c 


Water  course 


miftRonPCtBiLnY  or  irr' 

page  IS  POOU 

niorgement  of  an  area  with  '*bajos 


section  used  to  demonstrate  estimation  of  fresh 
reserves  ( see  text  ) 

c'th  Terrain  Camera  f’lQ*  ^ 


■ 


Soil  units  in  llif  I’mvinco  of  Corrionli' 


I’utric  planoriols,  saiiily 
Lu'i’ic  phuiosols, 

ATollic  pUuu'Siils,  saiuly 
pianosols,  I'lavi*; 
liii'ric  fliiviSMls 


URBAN  LAND  USE:  REMOTE  SENSING  OF  6R0UNDBASIN  PERMEABILITY 


W-4 


By  Larry  R.  Tinney,  John  R.  Jensen,  and  John  E.  Estes 
Geography  Remote  Sensing  Unit,  University  of  California,  Santa  Barbara,  California 


ABSTRACT 


K76-17591 


A remote  sensino  analysis  of  the  amount  and  type  of  permeable  and  impermeable 
surfaces  overlying  an  urban  recharge  basin  is  discussed.  An  effective  methodology 
for  accurately  generating  this  data  as  input  to  a safe  yield  study  is  detailed  and 
comoared  to  more  conventional  alternative  approaches.  The  amount  of  area  inventoried, 
approximately  10  sq.  miles,  should  provide  a reliable  base  against  which  automatic 
pattern  recognition  algorithms,  currently  under  investigation  for  this  task, 
can  be  evaluated.  If  successful,  such  approaches  can  significantly  reduce  the  time 
and  effort  involved  in  obtaining  permeability  data,  an  important  aspect  of  urban 
hydrology  dynamics. 


INTRODUCTION 


The  Geography  Remote  Sensing  Unit  (GRSU),  University  of  California,  Santa 
Barbara,  in  cooperation  with  the  Santa  Barbara  County  Office  of  Environmental  Quality, 
is  currently  involved  in  an  effort  to  determine  both  the  type  and  amount  of 
permeable  surfaces  overlying  a predominantly  urban  groundwater  recharge  basin.  The 
areal  extent  of  this  groundwater  basin  (see  Figure  1)  is  approximately  10  sq.  miles. 
This  basin  provides  an  estimated  20%  of  the  water  currently  used  by  the  Goleta  Coi'nty 
Water  District.  Goleta  County  Water  District  supplies  water  to  an  unincorporated 
urban  and  rural  polulation  that  has  increased  nearly  700%  during  the  last  twenty 
years  and  is  currently  estimated  at  72,000.  This  dramatic  population  increase,  coupled 
with  limited  local  water  supplies,  has  resulted  in  the  implementation  of  a building 
moratorium  which  has  been  in  effect  for  the  past  two  years.  Of  crucial  concern  to 
any  litigation  concerning  this  moratorium  in  particular,  and  to  water  district 
management  in  general,  is  the  safe  or  sustained  yield  of  the  Goleta  water  basin. 

The  safe  yield  of  a groundwater  basin  is  directly  dependent  upon  the  type,  amount, 
and  spatial  distribution  of  oermeable  surfaces  overlying  the  recharge  portion  of  the 
basin. 

Two  previous  studies  detailing  the  geology  and  safe  yield  of  the  Goleta  ground- 
water  basin  are  considered  outdated  (Upson,  1951,  and  Evenson,  1962).  This  relative 
obsolescence  is  in  part  due  to  the  effects  of  increasing  urbanization  which  comnonly 
changes  a basin's  peak  flow  characteristics,  increases  total  runoff,  and  often 
adversely  affects  groundwater  quality.  Figure  2 graphically  illustrates  an  example 
of  the  general  incr^se  ir  ,he  number  of  overbank  flows,  a factor  related  to  both 
peak  flow  and  total  "runoff , that  might  be  expected  with  increasifig  urbanization. 


★ 

"Long-term  sustained  yield  in  a rate  of  withdrawal  equal  to  the  sum  of  changes  in 
recharge  and  discharge  that  take  place  as  a result  of  withdrawals  and  Irwering 
of  water  levels  by  pumping"  (Water  Resources  Council,  1973). 
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Table  I shows  the  dramatic  increase  in  sediment  yield  commonly  found  as  one 
goes  from  rural  to  urban  landscapes  (from  Leopold,  1968). 

The  research  presented  in  this  paper  was  conducted  by  GRSU  personnel  as  part 
of  a study  by  the  Santa  Barbara  County  Office  of  Environmental  Quality  to  revise  y 

previous  estimates  of  the  Goleta  Basin's  safe  yield.  The  initial  stage  of  our  * 

research  involved  the  detailed  delineation  of  permeable  and  impermeable  surfaces 
on  low  altitude  conventional  black  and  white  photography.  Impermeable  surfaces 
were  broadly  defined  to  include  roads,  parking  lots,  etc.,  while  permeable 
surfaces  were  more  specifically  categorized  as  to  their  type.  This  information  was 
manually  transferred  to  overlays  and  automatically  mensurated  by  a video  image 
analyzer  capable  of  density  slicing  and  digital  planimetering.  Accuracies  and 
costs  associated  with  this  technique  have  been  documented  and  compared  to  more 
conventional  approaches. 

Data  generated  during  this  initial  research  phase  is  currently  being  used  to 
provide  reliable  training  samples  for  a pattern  recognition  analysis  of  high  altitude 
color  infrared  photography,  the  spectral  signatures  of  these  samples  are  providing 
the  statistics  by  which  the  remaining  portion  of  the  study  area  will  be  automatically 
classified.  Previous  automatic  classifications  of  impervious  surfaces  have  been 
hampered  by  a lack  of  reliable  data  against  which  the  classifier  results  can  be 
compared.  The  extent  of  this  study  area  and  amount  of  photointerpreted  data  avail- 
able to  this  study  a”-e  such  that  a more  reliable  assessment  of  classification 
accuracies  can  be  achieved.  Preliminary  analysis  of  the  results  of  our  pattern 
recognition  research,  discussed  later,  are  considered  encouraging. 

PROJECT  METHODOLOGY 

Trained  image  interpreters  were  employed  to  classify  and  categorize  data 
present  on  the  black  and  white  imagery.  Tne  interpreters  were  asked  to  classify 
the  various  land  uses  into  four  categories.  These  categories  were; 

1.  Non-permeable  surfaces:  generally  defined  to  include  roads,  roofs,  parking 

lots,  and  other  impervious  surfaces. 

2.  Permeable  surfaces;  specifically  defined  as  either 
2A.  Lawns, 

2B.  Irrigated  agriculture  and  open  space, 

2C.  native  vegetation. 

These  initial  interpretations  were  accomplished  from  low  altitude  conventional 
black  and  white  photography  flown  in  June  1974  and  printed  at  a nominal  scale  of 
1:7,200.  Acetate  overlays  were  placed  directly  upon  the  photographs  and  three 
classes  color  coded  by  the  image  interpreters.  Owing  to  the  suburban  nature  of  the  ' 

Goleta  environment,  the  most  detailed  category  was  lawns;  this  category  was  left 
clear.  The  overlays  were  then  subdivided  into  3 inch  square  cells  suitable  for  ^ 

analysis  by  the  video  image  analyzer. 

The  color  coded  overlays  were  then  density  sliced  by  the  video  image  analyzer 
to  take  advantage  of  this  system's  electronic  planimetering  capability.  By  the 
selective  use  of  color  filters  placed  between  the  video  camera  and  the  color  coded 
overlays  a potentially  large  number  of  classes  can  be  distinguished  by  their  tonal 
density  values  alone.  Such  a procedure,  especially  when  combined  with  a pattern 
recognition  algorithm,  may  also  provide  the  basis  for  thematic  map  encoding,  as 
discussed  by  many  land  use  information  system  proposals.  The  procedures  developed 
and  utilized  in  connection  with  this  project  proved  highly  efficient,  requiring  less 
than  one  day  of  labor  to  extract  all  four  class  area  estimates,  on  a grid  basis  for 
the  entire  ten  square  mile  study  region. 

Figure  3 illustrates  a two-class  example,  as  interpreted  from  the  low  altitude 
photography,  including  1)  the  original  photography,  2)  the  photo  interpreted  overlay 
of  the  scene,  and  3)  the  corresponding  video  enhancement  and  planimeter  values. 

Table  II  summarizes  the  results  of  this  analysis  for  the  entire  Goleta  recharge  basin. 
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ANALYSIS  OF  ALTERNATIVES 

In  addition  to  the  techniques  discussed  above,  various  alternative  methodologies 
were  available  for  supplying  the  information  required  for  the  Goleta  Basin  safe 
yield  study.  Extensive  field  investigations  were  definitely  prohibitive  due  to 
both  time  and  monetary  constraints.  Sampling  techniques  used  in  conjunction  with 
aerial  photography  were  also  not  deemed  appropriate  as  the  spatial  dimension  of 
the  data  was  to  be  retained  for  our  automatic  pattern  recognition  studies  and  possible 
"updates’’  of  the  safe  yield  in  the  future. 

The  most  viable  alternative  available  at  the  inception  of  the  project  was 
considered  to  be  direct  visual  estimation  from  the  photography.  An  analysis  of 
the  accuracies  obtained  using  such  a procedure  are  detailed  in  Table  III  and 
compared  to  the  actual  project  methodology  involving  image  interpretation  and  video 
planimetering  of  color  coded  overlays.  It  should  be  emphasized  here  that  when 
monetary,  accuracy,  and  time  constraints  are  such  that  the  more  detailed  analysis  is 
not  feasible,  this  option  could  be  considered  a viable  alternative. 

Another  somewhat  less  optimal  alternative  is  visual  estimation  from  the  color 
coded  overlays.  This  results  in  improved  accuracies,  also  detailed  in  Table  III, 
when  compared  to  visual  estimates  made  directly  from  the  photographs.  This  technique, 
however,  still  involves  the  major  project  expense  of  interpreter  overlay  compilation. 
Once  the  overlays  have  been  generated  the  video  enhancement  and  planimetering  costs 
are  negligible  (less  than  8 hours  labor  for  the  study  region),  provided  the  analyzing 
equipment  is  available.  The  alternative  of  manually  olanimetering  each  class  was 
found  infeasible  at  the  original  imagery  scale  due  to  the  intricate  nature  of  the 
class  distributions.  Indeed,  this  intricacy  presented  an  obstacle  to  evaluating 
the  relative  accuracies  of  the  various  procedures  by  necessitating  the  photographic 
enlargement  of  selected  scenes  to  scales  more  easily  planimetered. 

The  most  automated  technique  examined,  which  is  still  under  investigation, 
involves  the  application  of  a pattern  recognition  algorithm  to  a digitized  repre- 
sentation of  color  infrared  photography.  A maximum  likelihood  algorithm  trained  on 
samples  of  the  four  classes  has  been  used  to  classify  a small  portion  of  a NASA 
high  altitude  color  infrared  photograph.  When  the  lawn,  irrigated  agriculture,  and 
open  space  in  this  study  area  were  aggregated  to  one  permeability  class,  a mean 
classification  accuracy  of  751-  was  achieved.  The  major  assignment  to  permeable 
classes  appears  to  be  based  primarily  upon  the  high  reflectance  of  vegetation  in  the 
infrared  spectral  region.  These  results  are  considered  encouraging,  though  pre- 
liminary in  nature  as  less  than  5"  of  the  study  area  was  analyzed. 

Present  research  is  being  directed  towards  expanding  tnese  preliminary  results 
and  assessing  the  nature  and  extent  of  the  major  variables  affecting  both  accuracy 
and  the  transferability  of  this  methodology  to  other  regions. 

CONCLUSIONS 

This  research  has  documented  an  effective  methodology  to  accurately  generate 
quantitative  urban  qroundbasin  data  useful  for  determining  safe  yield  values. 

The  extensive  amount  of  accurate  data  generated  by  this  project  from  low  altitude 
photography  has  provided  a reliable  basis  against  which  automatic  techniques,  based 
uDon  high  altitude  color  infrared  photography,  can  be  evaluated.  The  methodology 
utilized  for  this  project  takes  advantage  of  an  imaae  interpreter's  ability  to 
precisely  delineate  permeable  from  impenneable  surfaces  in  complex  urban  environ- 
ments, and  a video  image  analyzer's  abilitv  to  accurately  and  rapidly  extract 
quantitative  area  estimates  for  assigned  classes.  Analysis  of  our  results  by  the 
cooperating  user  agency,  the  Santa  Barbara  County  Office  of  Environmental  Quality, 
has  just  begun.  As  close  user-researcher  contact  has  been  maintained  throughout 
this  study  a favorable  user  response  is  anticipated.  If  successful,  approaches  such 
as  those  discussed  herein  will  significantly  reduce  the  time  and  effort  involved  in 
generating  permeability  data,  an  important  aspect  in  determining  urban  hydrology 
dynamics. 
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TABLE  I 


Drainage 

Area 

(so.  mi.) 

Sediment 

Tons  Per 
Year 

Tons  Per  Year 
Per  sq.  mi , 

RURAL 

(Watts  Branch  in 
Rockville,  Md. ) 

3.7 

1,910 

516 

URBAN 

(Little  Falls  Branch 
near  Bethesda,  Md.) 


4.1 

9,530 

3,220 

2202 
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TABLE  IIA 


60LETA  RECHARGE  BASIN:  ACREAGES 


TABLE  IIB 


GOLETA  RECHARGE  BASIN:  PERCENTAGES 
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Fiqure  2.  Graphic  example  of  the  general  increase  in 
the  number  of  overbank  flows  associated  with  increasing 
urbanization  (from  Leopold,  1968). 
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Plant  growth,  partitioning  of  rainfall  into  surface  runoff  and  infiltration  components,  and  evap- 
oration loss  to  the  atmosphere,  among  other  processes,  all  depend  on  the  amount  of  water  present  in  the 
soil.  This  paper  examines  .the  potential  application  of  microwave  remote  sensing  devices  in  estimating 
soil  moisture  content  over  extended  areas.  Experimental  measurements  involving  both  active  and  passive 
microwave  sensors  acquired  from  a variety  of  platforms  are  presented. 


INTRODUCTION 


Soil  water  plays  o fundamental  role  in  mass  and  energy  exchange  processes  near  the  earth's  surface. 
Its  importance  has  long  been  recognized  and  is  topical  in  such  disciplines  as  meteorology,  climatology, 
plant  physiology,  geomorphology,  and  others.  More  recently,  soil  moisture  has  been  used  os  an  input 
parameter  in  various  models  to  permit  a better  management  of  the  human  environment.  For  example, 
models  of  watershed  performance,  river  forecasting  and  crop  inventory  and  yields  require  knowledge  of 
soil  moisture  os  a function  of  time  and  location. 


The  spatial  variability  of  soils  and  terrain  characteristics  influencing  the  amount  of  water  retained 
in  the  soil  makes  remote  sensing  a unique  tool  for  soil  moisture  determinotion  over  large  areas,  within  a 
short  time,  and  at  a reasonable  cost.  Several  regions  of  the  electromagnetic  spectrum  are  sensitive  to 
the  presence  of  water  in  the  soil . Microwave  frequencies  have  the  added  advantages  of  depth  of  pen- 
etration and  independence  of  the  time  of  day  and  most  weather  conditions. 

The  backscattering  and  emission  behavior  of  an  extended  target,  such  as  a soil  medium,  is  charac- 
terized in  terms  of  the  target's  scattering  coefficient  and  emissivity  e . Thus,  cr  and  e represent 
the  link  between  the  target  properties  and  the  scatterometer  and  rodiometer  responses.  For  a given  set 
of  sensor  parometers  (wavelength,  polarization  and  incidence  angle  relative  to  nadir),  cj  and  e of  bare 
soil  are  functions  of  the  soil  surface  roughness  (and  subsurface  if  significant  penetration  is  occurring)and 
dielectric  properties.  The  dielectric  properties  are  in  turn  strongly  influenced  by  the  soil  water  content 
as  is  illustrated  in  Figure  1 where  the  real  (k^)  and  imaginary  (k^)  parts  of  the  relative  dielectric  constant 
of  three  soil  types  are  shown  as  a function  of  water  content  at  1t3  GHz  [1).  The  curves  shown  represent 
averages  of  experimental  measurements  reported  by  several  investigators.  The  separation  in  the  curves 
of  k^  and  k^  due  to  soil  type  appear  to  be  associated  with  the  proportion  of  clay  particles  in  the  soil . 

This  separation  has  been  found  to  be  more  pronounced  at  frequencies  below  1 .3  GHz  [2]  but  is  practically 
absent  above  4.0  GHz  [ 1] . 

From  a theoretical  point  of  view,  the  effect  of  soil  moisture  content  on  and  f can  be  demonstrated 
by  considerii^  the  single  case  of  a homogeneous  medium  with  a perfectly  smooth  surface.  Under  these 
conditions  a is  directly  proportional  to  the  soil  power  reflection  coefficient  d and  e = 1 - p. 

Figure  2 presents  the  dependence  of  P (and  f ) on  moisture  content  at  normal  incidence  for  three  micro- 
wave  frequencies  and  three  soil  types  [1].  Among  the  three  variables  considered  in  Figure  2,  it  is  clearly 
evident  that  moisture  content  is  the  most  influential. 

Under  natural  conditions,  several  interference  effects  are  introduced  which  complicate  the  task  of  re- 
covering soil  moisture  information  from  the  microwave  measurements.  First,  most  soil  surfaces  are  not 
perfectly  smooth  at  microwave  frequencies.  Consequently  a and  f are  affected  by  both  the  dielectric 
properties  and  the  geometrical  configuration  of  the  scattering  (and  emitting)  elements  present  within  the 
resolution  cell.  Secondly,  vegetation  cover  can  modify  the  sensor  response  to  soil  moisture  variations 
by  attenuating  the  soil  scattering  and  emission  components  and  by  adding  contributions  of  its  own.  The 
masking  effect  caused  by  the  vegetation  depends  on  the  geometry  and  biomass  of  the  vegetotion  canopy 
and  the  sensor  parameters  used.  Since  vegetation  is  a lossy  dielectric,  its  attenuation  increases  with 
frequency  and  plant  moisture  content.  Thirdly,  soil  moisture  usually  varies  with  depth,  thus  precluding 
derivation  of  a unique  soil  water  content  profile  from  a single  microwave  measurement. 
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To  counfer  fhe  Interfering  effects  of  roughness  and  vegetation  cover  and  to  incorporate  the 
variability  of  the  soil  moisture  profile,  the  investigator  has  basically  four  parameters  at  his  disposal. 

Three  of  these  are  system  parameters,  namely  frequency,  incidence  angle,  and  polarization.  The  fourth 
variable  Is  the  type  of  microv/ave  sensor  used:  active  or  passive.  Due  to  the  characteristics  of  illumi- 
nation, the  two  types  of  sensors  also  differ  in  their  response  to  the  interfering  effects.  Consequently,  the 
problem  In  developing  a technique  for  microwave  remote  sensing  of  soil  moisture  con  be  defined  as  iden- 
tifying such  sensor/frequency/incidence  angle/ polarization  combinotlon(s)  at  which  the  sensitivity  to 
soil  moisture  is  maximized  while  the  effect  of  interfering  parameters  is  at  a minimum. 


The  remainder  of  this  paper  is  divided  into  two  major  sections,  one  covering  active  microwave 
measurements  while  the  other  covering  passive  microwave  measurements  of  soil  moisture.  Due  to  space 
limitations,  no  detailed  description  of  the  systems  used  to  acquire  the  reported  data  will  be  included. 


ACTIVE  MICROWAVE  RESPONSE  TO  SOIL  MOISTURE 

Only  results  of  experimental  measurements  acquired  by  ground-based  and  airborne  scatterometers  to 
determine  the  backscattering  coefficient  ( o ) response  to  soil  moisture  will  be  presented  in  this  section; 
measurements  from  a satellite  platform  were  acquired  by  Skylab  and  will  be  reported  in  this  symposium 
by  Eagleman  and  Lin  [3] . The  ground-based  experiments  employed  the  University  of  Kansas  truck-mounted 
Microwave  ^ctive  Jpectrometer  (MAS)  systems  which  covered  the  frequency  range  2-18  GHz  (4-6)  while 
the  airborne  data  was  acquired  by  the  NASA/JSC  13.3  GHz  scatterometer  [7). 

Figure  3 shows  the  measured  scattering  coefficient  a°  of  a bare  field  as  a function  of  gravimetric 
moisture  content  at  4.7  GHz  for  HH  and  VV  polarizations  for  several  angles  of  incidence  [8],  The  field 
surface,  having  a r.m.s.  height  of  2.5  cm,  is  described  as  slightly  rough  in  terms  of  the  wavelength 
(6.4  cm).  The  moisture  content  is  on  effective  value  calculated  on  the  basis  of  the  soil  moisture  and 
bulk  density  profiles  within  the  skin  depth  [8].  The  data  shown  in  Figure  3 indicates  a fairly  linear 
response  to  the  effective  moisture  content  at  all  incidence  ongles.  The  only  major  deviation  Is  the  data 
set  at  the  highest  moisture  content  which  exhibits  a higher  response  at  nadir  and  10  and  lower  response 
at  the  higher  incidence  angles.  The  cause  of  this  deviation  is  attributed  to  chonge  in  surface  roughness 
induced  by  heavy  rainfall  shortly  before  recording  this  particular  data  set.  From  Figure  3 it  Is  also 
apparent  that  the  response  to  moisture  change  is  highest  at  nadir. 

As  a quantitative  measure  of  the  scattering  coefficient  response  to  soil  moisture,  the  moisture 
sensitivity  S was  defined  as  the  change  in  a caused  by  0.01  g/cm"^  change  in  the  effective  moisture 
content  (slope  of  the  linear  regression  lines  shown  in  Figure  3).  Figure  4 shows  as  a function  of 
incidence  angle  at  three  microwave  frequencies  and  two  polarizations.  In  general,  a)  Sy  decreases 
rapidly  between  nadir  and  20°  and  then  levels  off  past  30°  or  40°,  b)  this  angular  dependence  appears 
more  pronounced  at  7.1  GHz  compared  to  4.7  GHz,  and  c)  HH  polarization  exhibits  better  sensitivity 
than  VV  polarization  at  the  same  frequency  and  incidence  angle. 

Based  on  the  above  results  for  a bare  field  having  a slightly  rough  surface  in  terms  of  the  wavelength, 
the  potential  of  radar  as  a soil  moisture  sensor  looks  very  promising.  As  surface  roughness  is  varied, 
however,  the  absolute  magnitude  of  a os  well  as  its  slope  (S^)  may  also  vary  [9,  10).  The  effect  of 
roughnes  's  illustrated  in  Figures  5 and  6 at  2.75  GHz  and  7.25  GHz,  respectively,  where  the  angular 
response  of  rr“  is  shown  for  three  fields  having  approximately  the  same  moisture  content  but  considerably 
different  surface  roughnesses  [lOl.  Consistent  with  theoretical  expectations,  at  2.75  GHz  a of  the 
smooth  field  appears  extremely  sensitive  to  incidence  angle  near  nadir  while  at  the  other  extreme,  the 
rough  field  shows  an  almost  Lambertian  behavior.  The  medium  rough  field  shows  a response  Intermediate 
between  the  other  two.  In  terms  of  the  range  of  surface  roughness  commonly  encountered  in  the  natural 
environment,  the  smooth  field  is  almost  artificial  . Keeping  this  in  mind,  if  an  incidence  angle  were 
to  be  specified  at  which  the  effect  of  roughness  is  minimal,  the  range  around  5 might  be  oppropriote. 

As  the  microwave  frequency  is  increased  from  2.75  GHz  (Figure  5)  to  7.25  GHz  (Figure  6),  all 
fields  appear  relatively  rougher,  thereby  changing  the  shapes  of  the  curves  which  gives  rise  to  an 
intersection  point  of  the  three  curves  around  18°.  Between  these  two  frequencies,  measurements  were 
also  acquired  at  six  other  frequencies  for  the  same  angles  of  incidence.  Analysis  of  the  entire  data 
indicates  that  there  exists  a correspondence  between  frequency  ond  an  "optimum"  incidence  angle  (in 
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ferms  of  minimum  sensitivity  to  surface  roughness  ) at  >which  the  correlation  coefficient  between  a°  and 
moisture  content  i^s  a maximum  for  the  data  from  all  three  fields  combined  [10] . An  example  is  shown  in 
Figure  7 where  a is  plotted  os  a function  of  moisture  content  at  4.75  GHz,  10°  incidence  angle  and 
VV  polarization.  Considering  the  wide  range  of  surface  rgughness  included  in  this  analysis  and  the 
standard  deviations  associated  with  the  measurements  of  tr  and  soil  moisture  content,  a correlation 
coefficient  of  0.69  should  be  considered  quite  good.  ^ 

Next,  th^  effect  of  vegetation  cover  will  be  examined.  In  Figures  8a  through  8d,  the  angular 
response  of  cr  at  5.9  GHz  is  shown  for  corn,  milo,  soybeans  and  alfalfa  canopies,  respectively  [11]. 

Each  figure  contains  two  measured  curves  corresponding  to  very  different  soil  moisture  contents  (in  % 
by  weight  over  the  top  5 cm).  All  three  row  crops  (corn,  milo  and  soybeans)  indicate  substantial  dif~ 
ferences  in  or  near  nadir  due  to  the  corresponding  differences  in  soil  moisture.  As  incidence  angle  is 
increased  away  from  nadir,  however,  the  response  to  soil  moisture  variation  appears  to  decrease  which  is 
attributed  in  part  to  the  increase  in  effective  vegetation  biomass  separating  the  sensor  from  the  soil 
surfaces  and  in  part  to  the  decrease  in  the  magnitude  of  the  soil  moisture  sensitivity  (Figure  4).  Alfalfa,  f 

on  the  other  hand,  shows  an  almost  opposite  trend.  Based  on  the  shape  of  the  angular  response  curve  of 
the  low  moisture  case,  it  was  suggested  that  alfalfa  appears  (electromognetlcally)  like  a relatively  smooth 
surface  at  5.9  GHz  [11].  Hence,  with  a large  backscatter  component  of  its  own  at  nadir,  thi  contribu” 
tion  of  the  attenuated  (by  the  alfolfa)  soil  component  is  not  large  enough  to  show  o difference  ihe 
return.  As  a "smooth"  surface,  cr  of  alfalfa  exhibits  a fast  decay  with  incidence  angle,  thereby  contri~ 
buting  a smaller  component  to  the  backscottered  return  than  the  component  contributed  by  the  underlying 
wet  soil  at  angles  away  from  nadir.  Due  to  this  difference  in  behavior  between  alfalfa  and  the  other 
crops,  the  correlation  coefficient  between  a at  4.7  GHz  and  soil  moisture,  calculated  using  measured 
data  from  all  four  crops  combined,  was  observed  to  be  higher  at  10°  than  at  nadir  [11]  (Fig- 
ure 9b).  Linear  regression  lines  at  10°  and  30°  are  shown  in  Figure  10  for  HH  polarization. 

The  calculated  slope  and  correlation  coefficient  of  regression  lines  similar  to  those  of  Fig- 
ure 10  at  4.7  GHz  and  7.1  GHz  are  plotted  in  Figure  9 as  a function  of  incidence  angle.  Al- 
though the  4.7  GHz  soil  moisture  response  at  10°  appears  slightly  lower  than  at  nadir,  the 
higher  correlation  coefficient  at  10°  together  with  the  earlier  observation  (Figure  7)  regard- 
ing the  optimum  frequency-incidence  angle  combination  for  minimizing  the  effect  of  soil  sur- 
face roughness,  suggest  10°  incidence  angle  and  4.7  GHz  as  design  parameters  for  large  area 
soil  moisture  mapping  with  radar.  It  should  be  noted,  however,  that  the  analysis  leading  to 
this  choice  of  sensor  parameters  is  based  on  limited  coverage  in  terms  of  types  of  vegetation 
canopies  and  soil  surface  structures  (the  effect  of  row  patterns,  e.g.,  has  not  yet  been 
fully  examined).  Measurements  acquired  from  fields  covered  with  very  dense  continuous  cano- 
pies approximately  1 meter  tall  indicate  no  response  to  soil  moisture  variations  at  frequen- 
cies above  2.75  GHz  [12].  Hence  if  lower  frequencies  are  to  be  used  to  penetrate  such  veg- 
etation canopies,  the  above  choice  of  incidence  angle  (10°)  will  have  to  be  modified  to  a 
value  closer  to  nadir. 


During  a flight  by  the  NASA/JSC  P3A  aircraft  over  o test  site  near  Garden  City,  Kansas,  measure- 
ments were  acquired  by  a 13.3  GHz  sc'itterometer  from  several  fields  each  of  which  was  found  (from 
aeriol  photography  and  field  crew's  re|.orts)  to  contain  sections  into  which  irrigation  water  was  flowing 
and  sections  ready  for  irrigation  but  not  yet  wetted  [7j.  For  each  of  these  fields,  the  effect  of 
the  irrigation  on  the  radar  return  appeared  to  produce  a difference  of  abgut  7 dB  at  angles  within  40 
from  nadir.  An  example  is  given  in  Figure  11  [7]  where  the  measured  'J  curves  for  the  irrigated  and 
non-irrigated  sections  of  a corn  field  are  shown.  Since  all  ground  conditions,  except  for  soil  water 
content,  were  similar  over  the  entire  field,  the  differences  in  a can  only  be  attributed  to  the  effect  of 
moisture . 


The  test  site  consisted  of  706  fields,  of  which,  on  the  basis  of  ground  truth  information,  687  were 
judged  as  dry  and  19  were  judged  as  wet.  Some  of  the  fields  in  the  test  site  were  bare  ground  while  the 
njajority  were  planted  with  corn,  sorghum,  alfalfo,  sugar  beets  and  wheat.  Figure  12  shows  the  average 
a curves  for  each  of  these  two  sets  as  a function  of  incidence  ongle  [7].  The  results  clearly  demonstrate 
the  capabilities  of  radar  in  separating  dry  terrain  from  wet  terrain  under  a variety  of  vegetation  covers. 


To  examine  the  moisture  response  in  more  detail,  (t°  is  plotted  in  Figure  13  at  three  angles  of 
incidence  as  a function  of  moisture  content  (measured  with  a surface  neutron  probe)  for  fields  where  the 
latter  information  was  available . Although  this  set  of  seven  fields  includes  both  bare  ground  and  a 
variety  of  crop  types,  u indicates  an  almost  linear  response  to  soil  moisture  at  10  with  a slope  of 
0.185  dB  per  1%  moisture  content  change.  At  20°  a weaker  response  is  observed  up  to  about  30% 
moisture  content,  followed  by  a sudden  increase  (field  ^125)  which  may  be  related  to  the  furrow 
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geomefry  reloMve  to  the  scatterometer.  In  contrast,  ot  50®  incidence  angle,  the  soil  moisture  response 
appeon  to  be  dominoted  by  the  other  characteristics  of  the  fields. 

PASSIVE  MICROWAVE  RESPONSE  TO  SOIL  MOISTURE 

To  study  the  use  of  microwave  radiometers  for  the  remote  sensing  of  soil  moisture  Instruments  in  the 
wavelength  range  0.8  to  21  cm  (5.'  GHz  to  1 .4  GHz)  were  flown  on  board  the  NASA  CV-990  over 
agricultural  test  sites  around  Phoenix,  Arizona  and  in  the  Imperial  Valley  of  Southern  California.  On 
the  same  day  ground  measurements  of  soil  moisture  were  also  made. 

The  1.55  cm  radiometer  was  a scanning  instrument  receiving  horizontally  polarized  radiation  from 
a swath  whose  width  is  approximately  twice  the  A/C  altitude.  Figure  14  is  an  example  of  the  results 
from  this  instrument  for  an  East“West  track  over  the  Imperial  Valley,  storting  over  the  Solton  Sea  and 
ending  over  the  desert  east  of  the  agricultural  area.  Brightness  temperatures  for  the  sea,  desert,  and 
several  agricultural  fields  with  a range  of  moisture  contents  ore  indicated.  The  rectangular  patterns  of 
these  fields  is  clearly  evident.  Figure  15  is  a plot  of  the  21  cm  and  thermal  IR  brightness  temperature 
for  the  same  flight  line.  The  brightness  temperature  for  the  water  is  20°K  lower  ot  21  cm  than  at  the 
1 .55  cm  wavelength.  This  factor  plus  the  greater  depth  penetration  at  21  produce  the  greater  sensitivity 
to  soil  moisture  at  this  wavelength. 

Brightness  temperatures  for  the  individual  fields  were  compored  with  ground  measurements  of  soil 
moisture.  Figure  16  gives  the  results  for  the  1 .55  cm  scanning  radiometer  and  the  average  soil  moisture 
in  the  top  cm  for  the  3 flights  in  1972  for  light  soils  (soidy  loam  ond  loom)  ond  heavy  soil  (cloy  loom). 

The  range  of  brightness  temperature  is  the  some  for  both  soil  types  and  there  is  clearly  a linear  decrease 
of  brightness  temperature  with  soil  moisture.  The  depression  of  the  brightness  temperature  for  a given 
moisture  content  is  less  for  the  heavy  soils  (greater  field  capocity)  thon  for  the  light  soils.  The  slope  is 
less  for  the  heavier  soils  because  of  the  greater  range  of  soil  moisture  that  is  possible  for  these  soils.  If 
the  soil  moisture  is  expressed  os  the  percent  of  field  capacity,  this  difference  con  be  accounted  for  as 
shown  in  Figure  17.  Visually  the  scatter  in  the  data  is  somewhot  smaller  and  the  correlation  coefficient 
for  these  data  is  greater  than  for  the  light  and  heavy  soils  separately. 

Similar  behavior  is  observed  for  the  brightness  temperatures  obtained  with  the  21  cm  radiometer,!  .e . 
a linear  response  when  plotted  as  a function  of  the  soil  moisture  expressed  as  percent  of  field  copaclty  in 
the  top  centimeter  (Figure  18  ).  When  plotted  versus  the  same  quontity  for  the  2.5  cm  loyer  there  appears 
to  be  flat  region  out  to  about  50%  of  field  capacity  where  the  linear  decrease  begins  (Figure  19).  When 
the  brightness  temperatures  are  compared  with  the  moisture  in  the 5cm  layer  the  flat  region  extends  to 
higher  moisture  values.  The  behavior  of  the  21  cm  results  is  qualitatively  similar  to  those  observed  at  ^ 
1.55  cm  except  that  there  was  a greater  range  of  brightness  temperatures  observed  at  21  cm  (about  100  K) 
than  at  1,55  cm  which  Is  consistent  with  the  larger  dielectric  constant  for  water  at  the  longer  wovelengths. 
Thus  the  21  cm  radiometers  appear  to  be  responding  to  the  moisture  in  a loyer  1 to  2 centimeters  thick 
at  the  surface. 

The  Nimbus  5 satellite,  launched  on  December  12,  1972,  corries  an  Electrically  Scanning  Microwave 
Radiometer  (ESMR)  operating  at  a wavelength  of  1 .55  cm.  A brightness  temp>erature  mop  of  the  U.  5.  is 
shown  in  Figure  20  for  a 2 day  period  in  January,  1973;  two  of  the  regions  having  lowered  brightness 
were  the  lower  Mississippi  Valley  and  the  Great  Salt  Desert  southwest  of  the  Great  Salt  Lake.  Figure  21 
is  a brightness  temperature  contour  map  for  the  Mississippi  Valley  using  date  of  22  January  1973.  This 
was  following  a period  of  heavy  rain  over  the  area.  The  region  of  lowered  brightness  temperature  is  the 
relatively  flat  land  on  either  side  of  the  river  which  corresponds  to  an  outwash  aquifer  where  unconsol- 
idated sand  and  gravel  deposits  are  capable  of  storing  large  amounts  of  ground  water.  This  land  would  be 
essentially  devoid  of  vegetation  in  January.  The  brightness  temperature  for  the  northern  portion  of  the 
region,  from  Cairo,  Illinois  to  Memphis  on  the  west  side  of  the  river,  were  compared  with  the  average 
daily  rainfall  taken  from  28  stations  in  this  area.  The  results  are  shown  In  Figure  22.  In  general  low 
brigntness  temperatures  were  observed  for  the  period  immediotely  after  a heavy  rain,  e.g.  the  sharp  drop 
observed  after  20  January.  This  was  followed  by  a graduol  warming  trend  as  the  area  dried  out. 

A similar  dependence  of  brightness  temperature  on  rainfoll  wos  observed  for  the  Great  Salt  Desert;  a 
brightness  temperature  contour  map  for  this  areo  is  shown  in  Figure  23  using  data  from  5 June  1973.  It  is 
observed  that  the  region  of  lowered  brightness  temperatures  corresponds  to  the  salt  desert.  To  obtain  a 
time  history  of  brightness  temperature  variations,  similar  maps  were  produced  on  about  a weekly  basis; 
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fhe  minimum  brighfness  femperafures  observed  over  fhe  desert  ore  ploifed  versus  Mme  in  Figure  24.  For 
comparison  fhe  brightness  temperatures  of  a reference  point  60  km  west  of  Wenclover  were  aUo  plotted 
to  indicate  the  type  of  seasonal  variation  that  might  be  expected  for  the  usual  terrain  outside  the  desert 
are^.  In  general  the  brightness  temperature  for  tMs  location  varies  rather  smoothly  from  a maximum  of 
280”K  in  Julv  and  August  down  to  a minimum  240°K  for  January  and  February  and  appears  to  repeat  from 
one  year  to  tne  next.  The  minimum  brightness  temperature  over  the  Great  Salt  Lake  Desert  followed  a 
similar  sort  of  seasonal  variation  with  its  maximum  occurring  in  July  and  August.  However,  the  minima 
were  in  November  in  response  to  the  fall  rains  during  both  years.  There  is  a significant  difference  in 
the  level  of  the  brightness  temperature  for  the  summers  of  1973  and  1974^  Th^  minimum  temperatures 
observed  over  the  Great  Salt  Lake  Desert  in  the  summer  of  1974  were  20  “30°K  higher  than  those  observed 
during  the  summer  of  1973.  The  rainfall  during  the  summer  of  1974  was  only  50%  of  normal  while  in 
1973  it  was  slightly  above  normal . The  average  monthly  rainfall  for  eight  station'  surrounding  the  basin 
is  shown  os  bar  graphs  on  the  bottom  of  this  figure  and  clearly  indicates  this  difference  in  rainfall  for  the 
two  summers.  The  response  to  the  heavier  fall  rains  of  November,  1973 and  October,  1974  is  indicated 
and  in  particular  the  lowest  brightness  temperature  was  observed  on  18  November  1973  when  more  than 
1 cm  of  rain  was  recorded  at  the  eight  stations.  The  month  with  heaviest  average  rain  (about  4 cm)  was 
July,  1973,  with  the  rain  occurring  during  two  brief  periods  12-14  July  ond  19-21  July.  This  is  reflected 
in  the  lowered  brightness  temperature  for  14  and  20  July  (214”K  and  205  K respectively). 

It  appears  in  both  situations  that  the  radiometer  may  be  responding  to  a combination  of  surface  water 
resulting  from  recent  rains  and  fluctuations  in  the  level  of  water  table.  With  regard  to  the  latter  the 
fluctuations  in  brightness  temperature  may  be  due  to  changes  in  the  area  over  which  the  high  water  table 
has  a surface  manifestation. 


CONCLUSIONS 

Evaluation  of  the  total  available  experimental  data  acquired  by  microwave  sensors  from  ground- 
based,  airborne  and  spaceborne  platforms  reveals  that  under  the  majority  of  surface  cover  conditions, 
microwave  sensors  are  capable  of  detecting  soil  moisture  variotions.  The  accuracy  associoted  with  a 
quantitative  determination  of  moisture  content  is,  however,  subject  to  the  choice  of  sensor  porameters 
(frequency,  incidence  angle  and  polarization)  and  to  ground  conditions  (surface  roughness,  vegetation 
cover  and  soil  temperature).  Continued  work  towards  an  operational  satellite  soil  moisture  mopping 
system  involves  the  establishment  of  optimum  sensor  (active  and  passive )/sensor  parameter  combinotion(s) 
and  testing  over  a wide  range  of  terrain  characteristics. 
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moisture  content.  Frequency  is  4. 7 GHz.  Figured  Moisture  sensitivity  as  a function  of  incidence  cngle. 
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Crop  Type ; Corn 
Crop  Height ; 2.4  Meters 
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Crop  Type : Soybeans 
Height : 1. 0 Meters 
Frequency ; 5.9  GHz 
Polarization ; HH 
Average  Soil  Moisture ; 

•  25.9% 

•  8. 1% 
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Crop  Type  Alfalfa 
Crop  Height ; 0. 5 Meters 
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Figurf  8.  Scattering  coefficient  response  at  5.9  GHz  for  low  and  high 
soil  moisture  conditions.  Polarization  /s  HH. 
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la)  Soil  Moisture  Response 
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Fioure  9 Variation  of  soil  moisture  response  and  corresponding  correiation  .> 

coefficient  a‘‘  a function  of  incidence  angle  for  entire  data  set 
regardless  of  crop  type,  la)  Soil  moisture  response,  ibi  Corresponding 
correiation  coefficient. 
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Scattering  Coefficient  o®  in  dB 
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Slope  0. 30  dB/1% 
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Fiuure  lU  Scatl'ermg  coefficient  response  as  a function  of  soil  moisture 
for  entire  data  set  regardless  of  crop  type. 
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Field  Soil  Moisture 

#30:  Wheat:  Stubble,  Just  Cut  15.7% 

#37:  Wheat:  Ripe.  24”  Tall  19.5% 

#122:  Bare:  Cultivated  21,8% 

#31:  Bare:  Cultivated;  10%  Stubble  23.9% 
#14:  Corn:  16”  Tall  29.3% 

#18B:  Alfalfa:  10”  Tall,  Mixed  Wheat  31.0% 
#125:  Sorghum:  4”  Tall,  5%  Emerged  37.5% 


10  20  30  40 


Soil  Moisture  (Percent  by  Weight) 


Figure  13.  Scattering  coefficient  as  a function  of  soil  moisture  content 
at  13,3  GHz,  VV  polarization.  Garden  City,  Kansas. 
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Figure  1/  . F of  of  1.55  cm  brightness  temperature  versus  soil  moisture  in 
“■op  1 cm  expressed  as  a percent  of  field  copocity. 
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Figufe  21 , A brightness  temperature  contour  map  of  the  lower  Mississippi 
Valley  using  the  data  of  22  January  1973,  The  contour  interval  is  lO'K, 
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COMPARISON  ESMR  BRIGHTNESS  TEMPERATURE  WITH  AVERAGE  RAINFALL 

FOR  NORTHERN  TEST  AREA 
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Figure  24.  Teriporal  variations  of  the  minimum  recorded  ESMR  brightness  temperoture  over  the 
Great  Salt  Lake  Desert  (x)  compared  with  the  ESMR  brightness  temperature  (o)  of 
the  reference  point  outside  the  desert  (as  indicated  in  Figure  23). 
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ABSTRACT  N76-17598 

An  investigation  was  designed  for  the  Skylab  satellite  to  determine  the 
feasibility  of  remote  sensing  of  the  soil  moisture  content  of  the  surface 
from  various  microwave  sensors.  Skylab  data  for  the  experiment  were  collect- 
ed during  passes  5,  10,  16,  and  38  across  the  two  test  sites  selected  in 
eastern  Kansas  and  western  Texas.  Pass  38  covered  both  test  sites  giving 
five  data  sets  for  thp  analysis.  As  Skylab  data  were  being  taken  the  mois- 
ture content  of  the  soil  was  sampled  by  ground  crews  for  each  2.5  centimeter 
depth  from  the  surface  to  15  cent^-neters  at  interval  of  about  six  kilometers 
along  two  different  routes  along  the  test  sites.  This  resulted  in  a total 
of  2250  soil  moisture  samples  corresponding  to  different  locations  and  six 
different  depths.  Skylab  data  were  collected  by  passive  microwave  radiome- 
ters at  wavelengths  of  2.1  and  21  centimeters  by  the  S193  and  S194  microwave 
sensors.  An  active  microwave  system  also  collected  scatterometer  data  at  a 
wavelength  of  2.1  centimeters.  Aircraft  underflights  ar  1 a Nimbus-5  satel- 
lite provided  additional  data  from  microwave  sensors  corresponding  to  the 
Skylab  passes.  The  analysis  of  microwave  data  have  revealed  that  the  longer 
wavelength  L-Band  passive  radiometer  gives  the  best  correlation  with  soil 
moisture  content  of  the  upper  2.5  centimeter  depth  of  soil.  These  correlations 
were  quite  good  and  were  apparently  influenced  very  little  by  other  factors 
such  as  terrain,  vegetation  and  cloud  cover,  with  the  only  major  disadvantage 
of  the  L-Band  radiometer  being  the  size  of  the  resolution  cell.  The  shorter 
wavelength  radiometers  were  influenced  more  by  cloud  cover  and  vegetation, 
but  do  have  the  advantage  of  a smaller  size  of  resolution  cell.  The  rela- 
tionship between  the  soil  moisture  content  and  the  radiometric  antenna  tem- 
perature has  been  used  to  calculate  soil  moisture  levels  from  satellite 
altitudes  with  several  applications  suggested  by  this  capability. 

INTRODUCTION 

Soil  moisture  content  is  a continuously  changing  parameter  of  the  earth's 
surface  that  is  important  in  a variety  of  applications  from  agricultural  to 
flood  forecasting.  Moisture  measurements  can  be  obtained  directly  but  are 
time  consuming  and  are  indicative  of  only  the  spot  which  is  sampled.  Therefore, 
there  is  considerable  interest  in  using  promising  remote  sensing  techniques 
for  measuring  the  moisture  content  of  large  areas. 

An  investigation  was  designed  for  the  Skylab  satellite  directed  toward 
determining  the  feasibility  of  monitoring  the  soil  moisture  content  by  vari- 
ous microwave  sensors.  The  ’nvestigation  included  collection  of  2250  soil 
moisture  samples  at  six  different  depths  throughout  two  test  sites  while  the 
Skylab  microwave  sensors  were  making  measurements  with  passive  radiometers  at 
2.1  and  21  centimeters  (S193  and  S194) . An  active  system  (S193)  also  col- 
lected scatterometer  data  at  2.1  centimeters. 

SOIL  MOISTURE  MEASUREMENTS 

The  Skylab  so  .1  moisture  experiment  was  conducted  over  two  test  sites  in 
order  to  encounter  the  maximum  differences  in  soil  moisture  content.  These 
sites  were  located  in  western  Texas  and  eastern  Kansas.  During  the  Skylab 
passes  field  data  were  collect.«.v’  for  each  2.5  centimeters  depth  down  to  15 
centimeters  at  int  val  of  appi oximately  six  kilometers  along  two  routes 
through  the  test  sites.  This  resulted  in  soil  samples  from  42  to  120  dif- 
ferent locations  for  the  four  different  Skylab  passes  with  samples  from  six 
different  depths  at  each  location.  After  collection  of  the  soil  samples  in 
tin  containers  they  were  taken  to  the  laboratory  where  they  were  weighed  and 
dried  so  that  the  percentage  of  moisture  in  the  soil  sample  was  determined 
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Figure  1.  The  distribution  of  Soil  Moisture  (.percentage  by  weight)  within 

the  Texas  test  site  on  June  5,  1973, 

on  a weight  basis.  The  sampling  procedure  required  from  one  to  thre.  days 
for  completion;  therefore  adjustments  in  soil  molscure  content  were  required 
because  of  evapotranspiration  losses.  The  water  oaJance  technique  for  cal- 
culating soil  moisture  levels  from  climatic  data  was  used  to  correct  for 
changes  in  soil  moisture  content  for  those  samples  which  did  not  correspond 
exactly  to  the  time  of  the  Skylab  pass.  The  water  balance  calculations 
were  also  used  to  add  to  the  ground  truth  information  in  those  geographical 
areas  where  direct  measurements  of  soil  moisture  content  were  not  available. 
Soil  moisture  variations  were  claculated  by  the  methods  of  Eagleman  (1971) 
and  Thornthwaite  (1948) . These  methods  have  previously  been  shown  to  produce 
satisfactory  estimates  of  soil  moisture.  The  daily  variation  of  soil  mois- 
ture storage  in  the  upper  15  centimeters  of  soil  depth  was  computed  for  61 
stations  on  a daily  basis  from  May  1 to  September  13,  1973  in  Texas  and  New 
Mexico  and  for  57  stations  for  May  22  to  September  18,  1973  in  Kansas.  The 
moisture  content  of  the  upper  15  centimeter  layer  was  partitioned  into 
each  of  the  separate  2.5  centimeter  layers  by  using  the  measured  moisture  pro- 
file from  sites  where  soil  moisture  data  were  available  with  the  assumption 
that  the  moisture  profile  at  the  calculated  sites  was  the  same  as  that  at  the 
nearest  measured  site. 

For  some  of  the  comparisons  between  soil  moisture  content  and  micro- 
wave  data  the  distribution  of  moisture  content  over  large  areas  was  required 
(Figure  1),  For  these  comparison.s  the  technique  of  a weighted  linear  trend 
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surface  which  was  based  on  distance  for  weight  and  a least  squares  solu- 
tion for  each  grid  intersection  was  used  to  obtain  the  distribution  of  soil 
moisture  content  over  the  entire  test  site.  Figure  1 shows  the  variatiors 
in  soil  moisture  content  throughout  the  test  site  for  the  Skylab  pass  on 
June  5,  1973. 


DATA  FROM  SKYLAB  MICROWAVE  SENSORS 

Data  were  collected  from  Skylab  with  two  different  radiometers  and  a 
scatterometer.  The  S194  L-Band  radiometer  is  a passive,  non-imaging 
sensor  operating  with  a 21  centimeter  wavelength  at  a center  frequency  of 
1.4  GHz.  This  radiometer  utilizes  a hard-mounted  antenna  with  a 15°  half- 
power  beam  width  and  a field  of  view  centered  about  the  nadir  point.  The 
size  of  the  halfpower  footprint  corresponds  to  a circle  with  a 115  kilo- 
meter diameter.  Absolute  antenna  temperatures  were  collected  with  the  L-Band 
radiometer  to  an  accuracy  of  one  degree  Kelvin.  Data  were  also  collected  for 
the  soil  moisture  experiment  by  the  S193  microwave  system  in  the  cross  track 
contiguous  mode  at  zero  degrees  roll  and  29.4°  pitch  forward.  The  S193  sen- 
sor collected  data  with  a passive  microwave  sensor  operating  at  a wavelength 
of  2.1  centimeters  and  a frequency  of  13.9  GHz  with  the  active  microwave  sys- 
tem collecting  scatterometer  data  at  a wavelength  of  2.1  centimeters.  In  the 
cross  track  contiguous  mode  the  S193  antenna  sweeps  in  the  roll  plane  both  to 
the  left  and  to  the  right  of  the  sub-satellite  point.  Since  the  antenna  ex- 
cursions extended  11.4°  to  the  left  and  right  the  difference  in  incidence 
angle  from  the  centerline  to  the  edge  was  only  about  two  degrees  for  a for- 
ward pitch  of  29.4°.  The  radiometer  footprint  size  is  about  17  x 21  kilo- 
meters, whereas  the  scatterometer  footprint  is  about  13  x 16  kilometers.  Air- 
craft underflight  data  were  also  collected  with  a microwave  system  comparable 
to  the  Skylab  S193  instrument.  The  Skylab  and  aircraft  data  have  also  been 
supplemented  with  Nimbus-5  microwave  data  obtained  at  a wavelength  of  1.55 
centimeters.  The  Nimbus-5  footprint  size  ranged  from  25  to  40  kilometers  be- 
cause of  angle  variations  across  the  test  site.  Information  from  these  var- 
ious sensors  has  been  analyzed  for  sensitivity  to  surface  moisture  condi- 
tions . 


RELATIONSHIP  BETWEEN  SOIL  MOISTURE  AND  MICROWAVE  DATA 

L-Band  Radiometer 

The  S194  brightness  t'^imerature  for  every  seven  kilometers  along  the 
flight  track  was  compared  with  average  percentage  of  soil  moisture  content 
within  a circular  area  of  115  kilometers  diameter.  Scattergrams  for  the 
three  passes  over  the  Texas  site  and  two  passes  over  the  Kansas  site  are 
shown  in  Figure  2.  Prior  correlations  with  soil  moisture  at  different  depths 
as  well  as  skin  depth  calculations  showed  that  the  soil  moisture  content  of 
the  upper  2.5  centimeters  depth  of  soil  was  most  likely  to  influence  the  L- 
Band  radiometer.  The  correlation  indices  between  the  L-Band  brightness  tem- 
perature and  the  soil  moisture  content  of  the  upper  2.5  centimeters  depth  of 
oil  were  quite  high  for  all  five  passes  across  Texas  and  Kansas  with  a vari- 
ation from  -;.996  to  -0.945.  The  L-Band  radiometer  operating  at  a longer 
wavelength  than  the  other  microwave  sensors  should  be  less  influenced  by  cloud 
cover  and  amount  of  vegetation  on  the  surface  and  has  given  the  highest  cor- 
relations of  any  of  the  other  microwave  sensors. 

For  comparison  and  combination  of  data  obtained  during  different  Skylab 
passes  the  weighted  antenna  temperature  was  adjusted  for  differences  in  ground 
temperature  which  varied  from  about  one  degree  centigrade  to  five  degrees  cen- 
tigrade among  the  five  sets  of  data.  The  surface  temperature  was  estimated 
from  air  temperature  data  from  weather  stations  throughout  the  test  site.  Al- 
though surface  temperature  is  very  sensitive  in  low  moisture  conditions  with 
clear  skies  at  midday  the  soil  temperature  belc  . the  surface  is  closer  to  the 
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Figure  2.  Relationships  between  S194  antenna  temperature  and  soil  moisture 
content  for  five  Skylab  passes  across  Kansas  and  Texas. 

fluctuations  of  air  temperature.  Due  to  greater  skin  depth  for  the  S194  ra- 
diometer the  probable  error  of  the  estimated  ground  temperature  is  less  for 
the  S194  sensor  than  for  other  data. 

The  brightness  temperature  measured  by  a downward  looking  microwave  ra 
diometer  is  given  by: 


Tg  ^ L (cTg  + Tsc)  Tu 

where  L is  the  atmospheric  transmittance,  e is  the  target  emissivity,  Tg  is 
the  ground  temperature,  Tgc  is  the  upward  scattered  radiation  and  Ty  is  the 
upward  emission  by  the  atmosphere.  For  a plane  surface  model,  can  be  ex- 
pressed in  terms  of  the  downward  emitted  radiation  Td  and  the  surface  reflec- 
tivity, r - 1 - e: 


Tsc  = (1  - O Td 
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Figure  3.  Composite  relationship  between  S194  brightness  temperature  and 
soil  moisture  content  for  w«ferlapping  footprints  (left)  and  in- 
dependt.  at  footprints. 

At  1.4  GHz  (S194  frequency),  L and  Tu  at  nadir  were  calculated  to  be 
about  0.993  and  2°K,  respectively  (Eagleman  and  Ulaby,  1974).  includes 
downward  emitted  atmospheric  radiation  as  well  as  galactic  radiation  and  is 
estimated  to  be  about  T^K.  Attenuation  by  clouds  in  this  frequency  range  is 
very  small  (Benoit,  1968)  and  hence  can  be  neglected.  Therefore,  the  adjus- 
ted brightness  temperatures  were  obtained  by: 

Taw  “ Tac  * 0.993  x e(300  - Tg) . 

The  five  data  sets  were  combined  to  form  a composite  relationship  be- 
tween the  adjusted  brightness  temperature  and  moisture  concent  of  the  upper 
2.S  centimeter  layer  of  soil  as  shown  in  Figure  3.  The  correlation  index  for 
the  second  degree  curvilinear  relationship  is  -0.96.  For  the  halfpower  foot- 
print of  115  kilometers  diameter,  the  footprint  overlap  from  one  S194  measure-  > 
ment  point  to  the  next  was  approximatley  92  percent.  Independent  footprints 
based  on  the  halfpower  footprint  of  the  S194  were  also  analyzed.  There  were 
three  independent  footprints  for  pass  5 and  pass  16,  two  for  pass  10  and  four  i 

for  pass  38.  These  twelve  independent  samples  are  also  shown  in  Figure  3 
with  a resulting  correlation  index  of  -0.96  which  is  the  same  as  that  ob- 
tained for  the  overlapping  footprints.  A straight  line  correlation  gave  a 
decrease  of  2*K  per  percent  soil  moisture  in  comparison  to  2.2**K  obtained  by 
Schmugge  et.  al.  (1974).  | 

In  order  to  make  sure  the  correlations  between  the  S194  microwave  data  1 

and  the  soil  moisture  content  do  not  develop  because  of  a relationship  to  a I 

third  parameter,  variations  of  antenna  temperature  and  soil  moisture  content  \ 
are  shown  in  Figure  4 for  two  different  passes  which  traveled  across  the  same  I 

general  terrain  in  Texas.  On  June  5,  1973  the  soil  moisture  content  was  low  I 

in  the  northwest  part  of  the  Texas  test  site  and  high  in  the  southeast.  The  | 

antenna  temperatures  dropped  from  a high  value  in  the  northwest  to  a lower  | 

value  in  the  southeast.  On  August  8,  1973  Skylab  collected  data  over  the  I 

same  general  area  and  the  soil  moisture  content  was  reversed  with  low  values  | 
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Figure  4.  Soil  moisture  variations  and  S194  antenna  temperature  variations 
across  the  Texas  site  for  two  different  Skylab  passes. 


Figure  5.  Relationship  between  S193 
passive  radiometric  temperature  and 
soil  moisture  content  across  the 
Texas  test  site  on  June  5,  1973. 
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Figure  6.  Relationship  between  the 
S195  scatter  coefficient  ana  soil 
moisture  content  across  the  Texas 
test  site  on  June  5,  1973. 


of  moisture  content  in  the  southeast  and  higher  values  in  The  northwest.  On 
this  day  the  antenna  temperature  again  responded  to  differences  in  soil  mois- 
ture content  rather  than  other  variables  such  as  differences  in  vegetation, 
cloud  cover  or  soil  texture.  This  provides  convincing  evidence  that  the  cor- 
relations between  the  S194  microwave  sensor  and  the  moisture  content  of  the 
upper  2.5  centimeters  of  so’l  are  real  and  that  tlie  S194  passive  radiometer 
may  be  a very  useful  instrument  for  measuring  the  soil  moisture  content  from 
the  vantage  point  of  space. 
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S193  Passive  and  Active  Microwave  Sensors 

Passive  radiometer  data  from  the  S193  sensor  operating  at  2.1  centime- 
ter wavelength  were  collected  for  pass  5 and  pass  16  over  the  Texas  test  site. 
The  location  of  the  S193  footprints  which  were  about  17  x 21  kilometers  in 
size  for  the  radiometer  were  plotted  by  computer  and  an  overlay  over  the  soil 
moisture  content  distribution  map  was  made  to  determine  the  soil  moisture 
content  within  each  footprint.  If  individual  footprints  covered  an  urban 
area  or  large  lake  these  data  were  not  included  in  the  analysis.  The  varia- 
tions in  S193  radiometric  temperature  and  scatter  coefficient  with  soil  mois- 
ture content  are  shown  in  Figures  5 and  6 for  pass  5.  The  correlation  of  the 
passive  radiometer  and  soil  moisture  content  in  the  upper  2.5  centimeters  of 
soil  is  -0.92.  The  individual  footprints  of  the  S193  scatterometer  were  ana- 
lyzed in  a manner  similar  to  the  passive  radiometer.  The  active  microwave 
sensor  footprint  was  slightly  smaller  with  a size  of  about  13  x 16  kilome- 
ters. Variations  in  backscatter  coefficients  with  soil  moisture  content  pro- 
duced a correlation  coefficient  of  0.52.  Since  there  are  slight  variations 
in  the  incidence  angle  between  the  center  and  the  edges  of  the  test  site 
which  amount  to  about  two  degrees  for  the  forward  pitch  mode  at  29.4®  the  in- 
fluence of  angular  variations  was  investigated  by  plotting  data  from  these 
central  four  lines  from  the  microwave  sensor  as  a function  of  soil  moisture 
content  as  shown  in  Figures  5 and  6.  This  improved  the  correlation  coeffi- 
cient for  the  passive  radiometer  from  a value  of  -0.92  to  -0.95  and  for  the 
scatterometer  from  0.52  to  0.75.  This  shows  that  small  variations  in  inci- 
dence angle  are  more  important  for  the  scatterometer  coefficient  than  for  the 
passive  radiometer. 

Nimbus  Microwave  Data 

The  Nimbus-5  satellite  also  collected  data  over  the  Texas  test  site  on 
June  5,  1973  with  the  ESMR  data  obtained  by  a passive  radiometer  operating  at 
1 . 55  centimeter  wavelength.  The  Nimbus  data  were  collected  while  the  satellite 
passed  across  Now  Moxico.  The  largest  soil  moisture  variations  on  June  5 a- 
cross  the  Texas  site  occurred  from  the  northwest  to  the  southeast.  Since  the 
satellite  passed  across  New  Mexico  and  the  radiometer  scanned  across  a dis- 
tance of  about  1900  kilometers,  the  angle  varied  across  the  Texas  test  site 
from  16.8°  to  30.4°.  This  difference  in  angle  further  complicated  the  analy- 
sis of  radiometer  antenna  temperature  and  soil  moisture  content.  Since  the 
incidence  angle  affects  the  relationship  between  antenna  temperature  and  soil 
moisture  content,  a different  analysis  was  performed  for  each  incidence  angle. 
There  were  differences  in  correlations  for  the  different  angles  because  of 
variations  in  the  antenna  temperature  response  for  different  angles.  With 
these  limited  data,  the  best  correlation  was  obtained  for  an  incidence  angle 
of  17.9°  for  which  a correlation  of  -0.78  was  obtained. 

Aircraft  Underflight  Analysis 

An  Aircraft  underflight  on  June  6,  1973  provided  additional  detailed 
information  across  the  Texas  test  site.  The  data  were  collected  with  an  NC- 
130B  airplane  flown  at  an  altitude  which  varied  from  2225  to  2743  meters  a- 
bove  the  surface.  The  ground  speed  of  the  aircraft  averaged  approximately  86 
meters  per  second.  Data  were  collected  with  an  RC8  camera  using  color  film 
and  with  a 2.1  centimeter  wavelength  passive  radiometer  and  active  scattero- 
meter. The  microwave  system  has  a haifpower  beam  width  of  1.8°  and  this  beam 
was  directed  approximately  30°  from  nadir  behind  the  aircraft.  An  elliptical 
footprint  was  obtained  which  varied  from  79  x Q2  meters  in  diameter  at  an  al- 
titude of  2225  meters  to  98  x 116  meters  at  an  altitude  of  2743  meters.  The 
time  between  the  radiometer  and  the  scatterometer  wa.*  only  10  microseconds. 
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iiRure  7,  Variations  in  antenna  temp- 
erature across  che  Texas  test  site  on 
June  5,  1973  for  three  satellite  pass- 
ive radiometers. 


Figure  8.  Soil  moisture  variations 
across  the  United  States  as  calcu- 
lated from  Skylab  L-Band  radiometric 
temperature  measurements  on  Septem- 
ber 13  and  18,  1973. 


giving  a difference  between  the  location  of  the  radiometer  and  scatterometer 
footprint  of  only  about  one  millimeter  at  the  aircraft's  velocity,  which 
means  that  they  were  looking  at  the  same  terrain.  The  ground  truth  informa- 
tion was  collected  primarily  for  the  satellite  sensors  so  that  the  distance 
between  samples  was  about  six  kilometers.  This  is  very  coarse  data  for  the 
aircraft  v/hich  is  sensitive  to  areas  about  92  meters  across;  however,  it  was 
possible  to  use  the  geographical  distribution  of  soil  moisture  as  shown  in 
Figure  1 to  obtain  some  indication  of  the  response  of  the  microwave  sensors 
from  the  aircraft.  The  aircraft  data  were  quite  sensitive  to  terrain  fea- 
tures. By  simple  geometry  the  location  of  the  microwave  footprint  could  be 
found  in  the  aerial  photographs.  Using  this  procedure  data  points  correspon- 
ding to  only  certain  terrain  features  could  be  analyzed.  Low  correlations 
were  obtained  for  vegetated  surfaces  such  as  range  land.  The  best  correla- 
tion (-0.73)  was  obtained  for  cultivated  fields  by  averaging  50  data  points. 
Correlations  between  the  scatterometer  data  and  the  soil  moisture  content  of 
the  cultivated  fields  resulted  in  a lower  coefficient  of  0.27. 


APPLICATIONS 

Some  of  the  difference  in  response  of  the  different  satellite  sensors 
can  be  seen  in  Figure  7 which  shows  the  variations  in  antenna  temperature  a- 
cross  the  test  site  for  the  S194  passive  radiometer  (1.4  GHz)  with  a large 
footprint,  the  S193  radiometer  (13.9  GHz)  and  the  Nimbus  radiometer  (19.4 
GHz).  The  L-Band  radiometer  is  useful  for  sensing  the  moisture  content  of 
large  areas  while  the  minute  detail  can  be  provided  by  the  radiometer  data 
from  aircraft;  therefore,  different  applications  are  possible  for  these  vari- 
ous sensors.  The  remote  sensing  of  soil  moisture  with  the  small  footprint 
from  the  aircraft  sensors  would  be  more  useful  in  determining  the  moisture 
content  of  individual  fields  which  has  agricultural  implications  for  irriga- 
tion scheduling  and  perhaps  planting  depth  as  well  as  time  of  planting.  In- 
formation over  a slightly  larger  area  would  be  useful  for  flood  forecasting 
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for  individual  river  basins  and  other  problems  of  similar  scale.  Drought  oc- 
currence over  large  areas  or  flood  forecasting  for  very  large  water  sheds 
might  require  data  over  large  areas  such  as  from  the  S194  sensor. 

Since  the  best  correlation  between  soil  moisture  content  and  microwave 
data  was  obtained  for  the  L-Band  radiometei-  onboard  Skylab,  this  information 
has  been  used  to  estimate  the  soil  moisture  content  across  the  United  States 
The  regression  equation  with  soil  moisture  as  the  dependent  variable  is: 

SM  - 253.03  - 1.4898  AT  + 0.00210  AT^ 

where  SM  is  soil  moisture  content  in  percent  by  weight  and  AT  is  the  S194 
antenna  brightness  temperature.  This  equation  with  adjustments  for  differ- 
ences in  ground  temperature  was  used  to  estimate  the  distribution  soil 
moisture  across  the  United  States  along  two  different  Skylab  III  tracks  as 
shown  in  figure  8.  Since  the  equation  used  to  calculate  soil  moisture  is 
based  on  five  different  passes  which  collected  data  over  various  types  of 
soil  with  various  vegetation  cover  and  soil  moisture  content,  it  can  be  as- 
sumed that  variations  in  these  parameters  are  not  a serious  problem  in  esti- 
mating soil  moisture  content  using  a wavelength  of  21  centimeters.  Since 
the  correlation  coefficient  was  quite  go"*!  even  though  there  were  large  vari- 
ations in  the  surface  characteristics,  the  potential  for  remote  sensing  of 
soil  moisture  appears  to  be  quite  good.  The  microwave  sensor  with  longer 
wavelengths  have  the  advantage  of  greater  penetration  and  smaller  interfer- 
ence from  vegetation  and  cloud  cover  and  the  shorter  wavelengths  have  the  ad- 
vantage of  a smaller  resolution  cell  for  the  same  size  antenna. 
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WITH  ANTECEDENT  PRECIPITATION 
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ABSTRACT 
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The  Sly4  L'band  radiometer  flown  on  Che  Skylab  mission  measured  terrestrial  radiation 
at  the  microwave  wavelength  of  21.4  cm.  The  terrain  emlssivlty  at  this  wavelength  is  strong- 
ly dependent  on  the  soil  moisture  content,  which  can  be  inferred  from  antecedent  precipita- 
tion. For  the  Skylab  data  acquisition  pass  from  the  Oklahoma  panhandle  to  southeastern  Texas 
on  11  June  1973,  the  S194  brightness  temperatures  are  highly  correlated  with  antecedent  pre- 
cipitation from  the  preceding  eleven  day  period,  but  very  little  correlation  was  apparent 
for  the  preceding  five  day  period.  The  correlation  coefficient  between  the  averaged  antece- 
dent precipitation  index  values  and  the  corresponding  S194  orightness  temperatures  between 
230  K and  270  K,  the  region  of  apparent  response  to  soil  moisture  in  the  data,  was  -0.97. 

The  equation  of  the  linear  least  squares  line  fitted  to  the  data  was;  API  (cm)  > 31.99  - 
0.114  Tg  (K) , where  API  is  the  antecedent  precipitation  index  and  Tg  is  the  S194  brightness 
temperature. 


TNTRt.  UCTION 

Ihe  accurate  determination  of  the  temporal  and  spatial  distribution  of  soil  moisture  is 
of  Importance  in  several  disciplines.  The  meteorologist  is  interested  in  the  moisture  con- 
tent of  the  upper  several  centimeters  of  the  soil  due  to  the  governing  effects  of  soil  mois- 
ture c.n  the  soil  thermal  properties,  the  evapotranspiration  rates,  and  the  resulting  influ- 
ence on  the  heat  and  moisture  transport  at  the  atmosphere-earth  boundary.  As  an  example, 
studies  of  the  severe  thunderstorm  indicate  that  the  inflow  air  source  region  is  from  the 
near  surface  layer  of  the  atmosphere  (Marwitz,  1972;  Davles-Jones,  1974;  and  Sasaki,  1973). 

The  addition  of  either  heat  or  moisture  to  the  inflow  air  adds  energy  to  the  storm.  Beebe 
(1974)  found  that  the  tornado  frequency  maxima  in  the  Texas  panhandle  was  centered  in  the 
region  of  intense  irrigation  and  attributed  the  maxima  to  the  Increased  water  vapor  content 
of  the  lower  atmosphere  as  a result  of  evapotranspiration  from  the  irrigated  fields.  The 
hydrologist  is  interested  in  the  soil  moisture  content  because  the  soil  moisture  in  the 
upper  several  centimeters  largely  determines  the  amount  of  precipitation  which  appears  as 
surface  runoff,  the  component  responsible  for  flooding,  ihe  productivity  of  agricultural 
areas  and  rangeland  is  a function  of  the  soil  moisture  available  for  plant  ^.rowth.  If  the 
moisture  c.'ntent  could  be  monitored,  better  usage  of  rangeland  .^nd  improved  crop  yield  esti- 
mates are  possible. 

Before  the  advent  of  remote  sensing  technology,  accurate  soil  measuremei  s were  possible 
throu^  such  direct  methods  as  neutron  scattering  probes,  tensiometers,  and  oven  drying  and 
weighing.  These  methods  all  share  common  problems;  they  are  time-consuming  and  representa- 
tive of  only  very  small  areas.  Measurements  of  soil  moisture  distribution  o''er  large  areas, 
especially  chose  with  differing  vegetative  cover  and  soil  type  and  those  not  readily  access- 
ible, are  not  possible  by  direct  methods.  Because  of  a pronounced  need  for  soil  moisture 
information,  those  hydrologists  responslule  for  river  stage  f''.rec83ting  and  flood  warnings 
have  developed  various  parameters  derived  from  precipitation  measurements  to  quantify  the 
soil  moisture  over  Che  fairly  large  areas  encompassed  by  river  watersheds. 

Based  on  the  obvious  but  complex  relationships  between  precipitation,  evapotranspiration, 
surface  and  subsurface  runoff,  and  soil  moisture,  the  precipitation  history  over  an  area  is 
conmonly  used  to  infer  the  soil  moisture.  From  this,  the  amount  of  precipitation  required  to 
produce  flooding  given  the  inferred  soil  moisture  content  can  be  empirically  determined.  Many 
models  for  characterizing  the  precipitation  history  have  been  devised;  one  of  the  simplest  in 
concept  and  computat'on  is  (Linsley,  Kohler,  and  Paulhus,  1958); 
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wham  API  antecedent  precipitation  index,  and  ■■  daily  precipitation  for  each  day  from 

n days  previous  to  the  current  day.  The  parameter  K which  is  less  than  unity  characterizes 
the  loss  of  moisture  from  che  soil  due  to  evapotranspi ration  and  subsurface  runoff.  The 
values  normally  are  empirically  assigned  in  the  range  0.85  to  0.95  as  a function  of  soil 
type,  slope,  season,  and  vegetative  cover.  The  value  may  either  be  constant  or  may  vary  as 
a function  of  time. 


REMOTE  SENSING  OF  SOIL  MOISTURE 

The  remote  sensing  of  soil  moisture  is  possible  through  several  physical  properties  of 
water  and  the  water-soil  mixtures.  Water  has  a greater  specific  heat  than  soil,  so  for  a 
given  input  of  heat  energy,  the  temperature  of  moist  soil  will  be  lower  than  that  of  dry 
soil.  Similarly,  after  radlational  cooling,  the  moisL  soil  will  have  a higher  temperature 
due  to  its  Chennai  Inertia.  ITius  remote  sensing  in  the  thermal  infrared  at  two  or  more 
times  during  the  day  can  be  used  Co  indirectly  determine  the  amount  of  water  present  in  the 
surface  layer  of  soil  (Blanchard,  Greely,  and  Goettelman,  1974). 

Another  remote  sensing  technique  is  based  on  che  darkening  (decreased  reflectance)  of 
soil  as  it  is  progressively  moistened,  apparently  as  a result  of  the  optical  effects  of 
surrounding  the  soil  particles  with  free  water.  Within  a narrow  range  of  soil  types  and 
for  bare  earth,  remote  sensing  in  the  optical  to  near  infrared  can  be  used  to  determine  the 
soil  moisture  areal  distribution. 

Both  of  these  techniques,  although  successful  under  controlled  conditions,  moat  notably 
bare  ground,  are  completely  overshadowed  in  scope  and  importance  by  remote  sensing  in  the 
microwave  portion  of  the  spectrum.  Water  has  the  highest  dielectric  constant  of  naturally 
occurring  abundant  materials;  soils  have  very  low  dielectric  constants  nt  microwave  frequen- 
cies. When  varying  amounts  of  water  are  added  to  the  soil,  the  resulting  mixture  will  have 
a dielectric  constant  proportional  to  the  relative  amounts  of  water,  soil,  and  air  present 
(Poe,  Edgerton,  and  Stogryn,  1971).  However,  if  small  amounts  of  water  are  added  to  com- 
pletely dry  soil,  the  water  ia  tightly  bound  to  the  soil  particle^  (with  a structure  resem- 
bling that  of  ice  which  has  a low  dielectric  constant),  and  the  dielectric  consr'.nt  of  che 
mixture  does  not  appreciably  change  (Schmugge,  Gloerson,  and  Wllheit,  1972  and  Schmugge, 
et.al.,  1974).  This  low  water  content  probably  corresponds  to  hygroscopic  water  so  is  not 
available  for  evapotranspiratlon  and  plant  growth.  With  a greater  water  content,  the  water 
appears  as  free  water  in  the  soil  pore  spaces  and  produces  the  dielectric  constant  changes 
predicted  and  observed  in  the  soil -water-air  mixture  a.,  che  mr  ^ture  content  ranges  from 
the  wilting  point  Co  field  capacity. 

Since  the  emlsslvity  in  the  microwave  wavelengths  of  radiation  ;s  strongly  Influenced 
by  the  dielectric  constant,  remote  sensing  in  che  microwave  frecuencles  hts  a significant 
potential  in  che  determination  of  soil  moisture. 


MICROWAVE  REMOTE  SENSING  OF  SOIL  MOISTURE 

Although  soil  moisture  has  a pronounced  influence  on  the  microwave  emi-.sion.  the  .dctori 
of  soil  type,  surface  roughness,  end  vegetative  cover  also  affect  the  emlsslvity.  The  soil 
type  and  soil  moisture  determine  the  soil  emlsslvity;  the  surCace  roughness  and  vegetative 
cover  modify  the  emission  from  the  underlying  soil  by  scattering  and  surfece  emissiwins 
(Newton,  Lee,  Rouse,  and  Paris,  1974),  The  effects  of  surface  roughness  and  vegetative 
cover  are  wavelength  dependent.  The  effect  of  small  scale  vaiiations  of  soil  type  and  soil 
moisture  is  minimized  in  remote  sensing  from  aircraft  or  earth  satellite  altitudes  slm'  Mi.- 
antenna  receives  radiation  thar  is  effectively  IrV-egrated  over  a fairly  large  ground  acpa, 
thus  providing  soil  moisture  Jofornation  represei.iat ive  of  large  areas. 


At  longer  wavelengths,  the  skin  depth  (the  '’epth  of  the  surface  layer  contributing  to 
the  total  emitted  microwave  ’'adlacion)  Increases.  Although  some  Investigators  have  reported 
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skin. depths  in  excess  of  Che  free  spsce  wavelength  at  L-band  wavelengths  (Poe  and  Edgerton, 
1972),  a gent ral  consensus  of  the  skin  depth  is  of  the  order  of  several  centimeters  under 
varying  fielc  conditions.  The  major  significance  is  chat  remote  sensing  in  L-band  microwave 
can  provj.de  measurements  of  Che  sub-surface  soil  moisture  content  under  varying  conditions 
of  T-*!!  t po,  surface  roughness,  and  vegetative  cover. 

A turner  advantage  of  the  longer  wavelength  is  that  atmosphere  and  weather  phenomena 
includi'cy  clouds  and  precipitation  are  essentially  transparent  to  the  emitted  microwave 
radiatir.<  due  to  the  small  particle  size  in  relation  to  Che  wavelength.  At  L-band  wave- 
lengths.-' remote  sensing  operation  is  not  restricted  by  adverse  weather  conditions.  At  short- 
er mlcrewave  wavelengths,  such  ao  the  one  to  ten  centimeter  range  commonly  used  for  weather 
radar,  Ko/ever,  Che  ' •''ger  clou  articles  and  precipitation  particles  are  effective  scat- 
terecs  tnl  absorbers  of  emitted  microwave  radiation. 

For  L-band  wavelengths,  Che  terrain  apparent  radicxnetric  temperature  (the  brightness 
temperature)  received  at  Che  antenna  can  be  expressed  as  the  product  of  the  emissivity  and 
Che  actval  or  thermometric  temperature  of  the  -adiating  terrain  skin  depth.  The  atmospheric 
emission  and  the  surface  reflection  of  sky  radiation  components  of  Che  brightness  temperature 
are  both  very  si.^nil  (Allison,  et.al.,  1974  and  Blanchard,  1974).  Since  the  emissivtties  are 
less  than  one  and  absolute  surface  temperatures  range  from  270  K to  310  K,  Che  brightness 
temperature  is  more  sensitive  to  changes  in  emissivity  than  to  normal  changes  in  surface 
temperature.  Again  the  averaging  effect  of  Che  large  footprint  is  advantageous. 

The  Skylab  soil  moisture  experiment  conducted  by  Dr.  J.  R.  Eagleraan  of  the  University 
of  Kansas  has  produced  excellent  results  in  Che  correlation  of  Sl94  brightness  temperature 
and  soil  moisture  (Eagleman,  1974,  and  Kaglsman,  et.al.,  1974).  '^'or  five  data  sets  of  tracks 

of  100  to  300  km  length  in  Kansas  and  Texas,  soil  moisture  measurements  at  six  depths  for  six 
km  Intervals  along  the  ground  track  centerline  were  correlated  with  the  S194  brightness  tem- 
peratures. The  correlation  coefficients  of  brightness  temperature  to  soil  moisture  (percent 
water  by  weight)  ranged  from  -0.808  to  -0.984  for  the  uppermost  2.5  cm  layer  and  -0.765  to 
-0.979  for  the  uppermost  7.5  cm  layer  for  the  five  data  sets  (Eagleman,  1974). 


Since  Che  half-power  footprint  has  a diameter  in  excess  of  100  km,  the  100  km  to  300  km 
track  lengths  represent  few  Independent  measurements.  Another  greater  problem  lies  in  the 
representativeness  of  center-line  soil  moisture  measurements  at  selected  sites  to  the  actual 
soil  moisture  within  the  footprint  area,  especially  if  the  footprint  area  is  not  suited  for 
conventional  soil  moisture  sampling,  or  if  evapotranspiration  or  precipitation  occurs  between 
Che  time-consuming  sampling  and  the  sensor  pass  time.  However,  in  view  of  the  good  agreement 
between  Che  data  sets,  these  high  correlations  are  indicative  of  Che  response  of  the  S194  L- 
band  radiometer  to  soil  moisture. 


SKYLAB  S194  L-BAND  RADIOMETER  AND  DATA  ACQUISITION 

The  Sl94  L-band  radiometer  was  one  of  six  sensors  known  collectively  as  the  Earth  Re- 
sources Experiment  Package  (EREP)  flown  on  the  NASA  Manned  SKYLAB  missions  from  May  1973  to 
February  1974.  The  L-band  radiometer  measured  terrestrial  surface  brightness  temperatures 
along  the  satellite  ground  track  in  the  microwave  radiation  band  centered  at  21,4  cm  wave- 
length (1.41  GHz).  The  footprint,  or  sensor  instantaneous  ground  viewing  area,  at  the  half- 
power point  (-3dB)  is  a circular  area  with  a 115  km  diameter  area  for  the  15  degree  viewing 
angle.  A footprint  size  of  approximately  280  km  diameter  accounted  for  90  percent  of  the 
total  energy  received  at  the  antenna.  The  spacecraft  altitude  was  439.24  km  (237  nmi,  with 
an  altitude  velocity  of  7,65  km/sec.  The  Sl94  data  acquisition  rate  was  approximately  three 
data  points  per  second  (one  data  point  per  2.48  surface  kilometers).  In  this  study,  every 
third  /'ata  point,  termed  a measurement  point,  was  used  in  the  correlations.  For  the  half- 
power footprint  of  115  km  diameter,  the  footprint  overlap  from  one  measurement  point  to  the 
next  was  near  87  percent.  The  footprint  overlap  for  each  data  point  was  nefr  95  percent. 

For  the  930  km  length  of  the  ground  track  used  in  this  study  (Figure  1)  there  were  eight  in- 
dependent sensor  footprint  areas  at  the  half-power  footprint  size. 
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For  a more  detailed  description  of  the  S194  Radiometer  and  descriptions  of  the  other 
EREP  sensors,  see  the  "Skylab  EREP  Investigator's  Data  Book"  (NASA,  I972a)  and  the  "Summary 
of  Flight  Performance  of  the  Skylab  Earth  Resources  Experiment  Package  (EREP)"  (NASA,  1974). 
The  S194  data  used  in  the  study  was  gathered  in  support  of  the  severe  storm  environments 
(EPN-582)  task  of  atmospheric  investigations  (NASA,  1972b). 

The  Sl94  brightness  temperatures  over  the  study  area  ranged  from  229.8  K to  275.2  K. 

These  values  for  an  assumed  emitting  skin  depth  temperature  of  298  K,  the  approximate  air 
temperature  along  the  ground  track  at  the  time  of  the  data  pass,  would  produce  an  emissivity 
range  from  .77  for  very  moist  terrain  and  .92  for  very  dry  terrain;  both  vegetated.  Beyond 
the  study  area,  the  brightness  temperatures  decreased  to  95  K over  the  Gulf  of  Mexico  for  an 
emissivity  of  .31  (water  temperature  assumed  to  be  near  300  K from  airborne  PRT-5  thermal 
Infrared  readings). 

The  study  area  includes  the  loose  sandy  soils  and  sparse  vegetative  cover  of  the  high 
plains  of  the  Texas  and  Oklahoma  panhandles  to  the  tight  clay  soils  and  heavily  vegetated 
terrain  of  eastern  Texas.  The  weather  conditions  at  the  time  of  the  pass  at  1518  to  1520  GMT 
(1018  to  1020  CDTl  varied  from  thin  broken  cirrus  (not  visible  in  the  S190A  color  photography) 
over  the  Texas  and  Oklahoma  panhandles  to  multi-layered  overcast  conditions  from  just  south 
of  the  Red  River  to  the  Louisiana  border.  Precipitating  moderate  thunderstorms  with  an  areal 
coverage  of  30  percent  were  occurring  from  the  Fort  Worth  area  to  near  160  km  southeast  along 
the  ground  track.  Iheir  rainfall  amounts  were  generally  light  since  the  cells,  as  determined 
from  GSW  weather  radar  film,  were  three  to  five  miles  in  diameter  and  were  moving  toward  the 
north.  The  air  temperatures  along  the  track  ranged  from  294  K to  299  K. 


CORRELATICRJ  OF  Sl94  BRIGHTNESS  TEMPERATURES  AND  API 

Since  soil  moisture  measurements  were  not  available  along  the  ground  track,  the  soil 
moisture  was  parameterized  by  the  antecedent  precipitation  index.  The  antecedent  precipita- 
tion index  (API)  was  calculated  for  each  of  the  180  precipitation  reporting  stations  of  the 
NOAA  Climatological  network  along  the  ground  track  (NOAA,  1973a  and  1973b) . The  ground 
track,  the  sensor  viewing  area  (115  km  diameter),  and  the  location  of  the  precipitation  re- 
porting stations  are  shown  in  Figure  2.  Two  sets  of  API  were  calculated  for  each  station. 

One  API  set  was  calculated  for  the  preceding  eleven  days  (1-11  June)  precipitation  data  and 
the  other  API  set  was  calculated  for  the  preceding  five  days.  The  set  for  eleven  days  was 
then  plotted  and  contoured  to  investigate  the  continuity  of  the  API  values  and  possible  in- 
fluence of  events  not  represented  from  centerline  values.  This  pattern  is  shown  in  Figure  3. 

The  precipitation  totals  for  the  first  eleven  days  of  June  1973  ranged  from  zero  in  the 
Texas  and  Oklahoma  panhandles  to  near  25  cm  (10  inches)  in  the  Dallas  area.  To  eliminate  the 
influence  of  very  high  daily  point  values  of  precipitation  in  the  calculation  of  the  API,  the 
maximum  daily  rainfall  for  the  API  calculation  was  arbitrarily  set  at  5.08  cm  (2.0  inches). 
The  physical  rationale  for  the  assumption  is  that  amounts  in  excess  of  5.08  cm  contribute  to 
immediate  runoff  but  probably  do  not  contribute  to  increased  soil  moisture. 

The  arithmetic  average  of  the  API  for  the  115  km  diameter  footprint  coincident  with  the 
position  of  the  spacecraft  for  every  third  data  point  was  then  calculated  for  correlation 
with  the  Sl94  brightness  temperatures.  The  value  of  the  parameter  K was  set  at  0.9  after 
trials  within  the  range  0.85  to  0.95  showed  the  best  correlation  of  API  to  S194  brightness 
temperatures  at  that  value,  although  the  correlations  were  good  for  all  values  in  the  range. 
The  S194  brightness  temperature  at  every  third  data  point  (one  measurement  point)  and  the 
footprint  API  are  displayed  in  Figures  4a,  4b,  and  5.  Several  features  are  noteworthy: 

1)  There  is  a pronounced  correlation  between  the  Sl94  brightness  temperature  and  the 
eleven-day  API  averaged  over  the  tootprint. 

2)  There  is  very  little  correlation  between  the  Sl94  brightness  temperature  and  the 
five-day  API.  As  evident  in  Figure  4b,  there  had  been  no  precipitation  over  much  of  the 
ground  track  within  the  previous  f^ve  days.  If  the  Sl94  is  used  as  the  "ground  truth"  for 
the  API  accuracy  as  a soil  moisture  indicator,  then  the  API  must  include  precipitation  data 
for  a longer  period  than  five  days,  the  number  of  days  used  in  the  antecedent  moisture 
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conditions  (AMC)  In  the  Soli  Conservation  Service  Handbook  of  Hydrology  (1972). 

3)  The  correlation  is  best  for  values  of  the  API  above  1.75,  which  is  consistent  with 
theory  for  low  moisture  values.  This  relationship  Is  especially  evident  from  Figure  3. 

4)  The  influence  of  surface  water  of  precipitation  and  lakes  is  not  readily  apparent, 
possibly  due  to  the  small  areal  extent  in  comparison  with  the  sensor  footprint.  The  surface 
water  of  precipitation  may  contribute  to  the  lowest  Sl94  values,  but  this  cannot  be  confirmed. 


CONCUJSIONS 

In  at  least  one  data  set  of  API  and  S194  brightness  temperatures,  several  significant 
points  emerged.  In  addition  to  the  known  capability  of  L-band  remote  sensors  to  accurately 
detect  soil  moisture  for  small  bare-ground  areas,  the  L-band  appears  well-suited  as  a sensor 
for  the  spatial  mapping  of  soil  moisture  over  large  Inhomogeneous  areas  with  respect  to  soil 
type,  vegetative  cover,  terrain,  and  weather.  Also  the  API  even  In  a very  simple  form  appears 
to  be  an  accurate  Index  of  soil  moisture  but  only  when  a precipitation  history  in  excess  of 
five  days  is  Included;  the  optimal  precipitation  history  period  may  be  as  long  as  one  month. 

As  these  study  results  are  confirmed  by  Independent  data  sets,  the  API  may  be  refined  as  an 
accurate  soil  moisture  inoicator  for  meteorological  and  agricultural  applications  and  L-band 
microwave  radlometry  may  be  used  to  develop  and  refine  models  of  evapotransplration  and  run- 
off. 
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MEASITREMENT  POINTS 

a 4a.  Sl94  brightness  temperature  along  the  grcuml 
track. 


MEASUREMENT  POINTS 

igure  4b.  Antecedent  precipitation  index  (API)  along 

the  ground  track.  The  eleven  day  API  is  (a) ; 
the  five  day  API  is  (b). 


ANTEEKDENT  PkECI F ITA  P i ON  INDE>1  (cm) 


A^:TECEDF.NT  PRECIPITATION  INDEX  fin’) 


Fieuro  .i.  Correlation  of  Sl94  brightness  temperature  to 

antecedent  precipitation  Index  (API).  The  lack 
of  response  of  the  brightness  temperature  at 
low  API  values,  which  correspond  to  low  soil 
moisture,  is  consistent  with  theory.  For  the 
units  in  inches  the  linear  least  squares  line 
fitted  through  the  data  points  between  230  K 
and  270  K Is:  API  - 12.61  - 0.0A5  T..  For  API 

in  cm,  the  equation  is:  API  ■ 31.99  - 0.114  T„. 

The  correlation  coefficient  for  the  brightness" 
temperature  range  230  to  270  K was  -0.9715. 
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FLOOD  HAZARD  STUDIES  IN  CENTRAL  TEXAS 
USING  ORBITAL  AND  SUBORBITAL  REMOTE 
SENSING  IMAGERY 

By  Victor  R.  Baker,  Department  of  Geological  Sciences;  Robert  K.  Holz,  Depart* 
ment  of  Geography;  and  Peter  C.  Patton,  Department  of  Geological  Sciences,  The 
University  of  Texas  at  Austin,  Austin,  Texas  78712 

ABSTRACT  N76-17595 

Central  Texas  is  subject  to  infrequent,  unusually  intense  rainstorms 
which  cause  extremely  rapid  runoff  from  drainage  basins  developed  on  the  deeply 
dissected  limestone  and  marl  bedrock  of  the  Edwards  Plateau.  One  approach  to 
flood  hazard  evaluation  in  this  area  is  a parametric  model  relating  flood 
hydrograph  characteristics  to  quantitative  geomorphic  properties  of  the  drain- 
age basins.  Our  preliminary  model  uses  multiple  regression  techniques  to  pre- 
dict potential  peak  flood  discharge  from  basin  magnitude;  drainage  density, 
and  ruggedness  numbei  After  mapping  small  catchment  networks  {k  to  20  km^) 
from  remote  sensing  imagery,  input  data  for  the  model  are  generated  by  net- 
work digitization  and  analysis  by  a computer-assisted  routine  of  watershed 
analysis. 

The  study  evaluated  the  network  resolution  capabilities  of  the  following 
data  formats:  (1)  large-scale  (1:2^4,000)  topographic  maps,  employing  Strahler's 

"method  of  v's,"  (2)  Standard  low  altitude  black  and  white  aerial  photo- 
graphy (1:13,000  and  1:20,000  scales),  (3)  N.A.S.A.  - generated  aerial 
infrared  photography  at  scales  ranging  from  1:48,000  to  1:123,000,  and  {I4) 

Skylab  Earth  Resources  Experiment  Package  S-19OA  and  S-19OB  sensors  (1:750,000 
and  1:500,000  respectively).  Resolution,  measured  as  the  number  of  first 
order  streams  or  as  the  total  channel  length  identified  in  small  drainage 
areas,  is  strongly  dependent  on  basin  relief.  High-density  basins  on  the 
Edwards  Plateau  were  poorly  depicted  on  orbital  imagery.  However,  the  orbital 
network  definition  of  low  relief  basins  on  the  inner  Texas  Coastal  Plain 
is  nearly  as  accurate  as  results  from  large-scale  topographic  maps. 

The  Skylab  earth  terrain  camera  (S-I9OB)  and  N.A.S.A.  - gener;.'ed  aerial 
infrared  type  2kk3  imagery  at  1:1*8,000  scale  were  found  to  be  useful  for 
botanic, soi Is,  and  geomorphic  flood  hazard  zonation.  Studies  of  the  Colorado 
River  valley  near  Austin,  Texas,  easily  distinguished  infrequent  (100  to  500 
year  recurrence  interval),  intermediate  (10  - 30  year),  and  frequent  (l  to 
i*  year)  hazard  zones.  These  mapping  techniques  are  especially  applicable 
to  the  rapid  regional  evaluation  of  flood  hazards  in  areas  that  lack  the  time 
and  money  to  generate  more  accurate  engineering-hydraulic  flood  hazard  maps. 


INTRODUCTION 

Flood  hazard  evaluation  can  be  approached  from  two  viewpoints.  The  "up- 
stream" approach  consists  of  evaluating  the  interaction  of  rainfall  inputs 
and  physiographic  factors  in  producing  flood  responses  on  small  watersheds. 


The  "downstream"  approach  maps  flood  hazard  zones  In  the  broad  alluvial  valleys 
which  rivers  develop  after  collecting  the  flow  of  numerous  tributaries.  In 
this  study,  we  have  attempted  to  apply  remote  sensing  imagery  to  both  aspects 
of  the  flood  hazard  evaluation  problem. 

Central  Texas  includes  parts  of  two  major  physiographic  provinces,  the 
gently  undulating  Gulf  Coastal  Plain  In  the  south  and  southeast,  and  the 
uplifted  Edwards  Plateau  in  the  north  and  northwest.  The  plateau,  which  Is 
underlain  by  interbedded,  soft  limestone,  dolomite  and  marl,  has  been  deeply 
eroded  to  produce  locally  steep  slopes.  The  boundary  between  these  two  physio- 
graphic provinces  is  marked  by  a sharp  change  in  elevation  at  the  Balcones 
Fault  Zone. I The  precipitation  failing  on  the  plateau  drains  across  the 
fault  zone  into  the  major  rivers  of  the  Gulf  Coastal  Plain,  including  the 
Guadalupe,  Colorado,  Brazos,  and  Trinity. 

Central  Texas  is  subject  to  irregular,  but  chronic  flooding  of  some- 
times extraordinary  magnitude  in  the  frequency  range  of  10  - 50  years. 2 The 
controlling  factors  in  this  pattern  of  flooding  are  climate  and  physiography. 
Mean  annual  precipitation  along  the  Balcones  Escarpment  varies  from  33  cm 
at  Austin  to  5^  cm  at  Bracketville  (Figure  1),  in  Kinney  County,  near  the 
border  with  Mexico.  Climatically  the  area  is  located  in  that  zone  where  the 
middle-latitude,  humid  subtropical  climate  of  the  east  grades  into  the  middle- 
latitude  steppe  climate  to  the  west.  Humid  air  masses  can  penetrate  the 
area  at  any  time  of  the  year,  but  a lack  of  triggering  devices  may  lead  to 
extended  periods  of  dry  conditions.  In  any  one  year  the  border  between  humid 
subtropical  climate  and  middle-latitude  steppe  may  shift  completely  across 
the  region.  As  a result  annual  rainfall  is  highly  variable,  ranging  from 
over  130  cm  to  less  than  35  cm.  Even  in  the  dry  and  hot  summers,  tropical 
disturbances  can  bring  very  heavy  rainfall  and  rapid  runoff  from  high  gradient 
plateau  streams  flowing  on  bedrock.  Great  variation  in  stream  flow  is  charac- 
teristic seasonally  and  annually. 

Air  masses  of  marine  tropical  origin  are  responsible  for  tha  greatest 
flood-producing  storms  in  Texas.  These  storms  result  from  easterly  waves 
which  develop  along  the  Intertropical  Convergence  Zone  located  over  the  Gulf 
of  Mexico  in  summer.  The  air  masses  in  these  waves  are  warmed  and  they  pick 
up  great  quantities  of  moisture  during  passage  over  thousands  of  kilometers 
of  warm  tropical  seas.^  A typical  storm  occurred  on  September  9 " 10,  1952, 
when  almost  simultaneous!/  over  central  Texas,  a pressure  surge  from  the 
northeast  came  into  contact  with  an  easterly  wave  trough.  The  warm  moist 
tropical  air  of  the  trough  was  lifted  over  the  combined  barriers  of  the  Bal- 
cones Escarpment  and  the  steep  pressure  gradient  from  the  northeast.  Rainfall 
totals  of  50  - 66  cm  were  recorded  in  a localized  area  over  the  upper  Peder- 
nales  and  Guadalupe  Rivers,  although  generally  heavy  rains  fell  throughout 
the  entire  area.^  A particularly  intense  cell  located  between  Stonewall  and 
Johnson  City  produced  a peak  flood  stage  at  the  Johnson  City  bridge  on  the 
Pedernales  of  15  meters  as  recorded  by  local  residents.  The  magnitudes  of 
the  stream  discharge  peaks  resulting  From  such  storms  include  many  of  the 
maxima  contributed  by  a given  area  for  drainage  basins  in  the  United  StatesS 
(Figure  2) . 


FLOOD  RESPONSE  OF  SMALL  DRAINAGE  BASINS 


The  shape  and  dimensions  of  a flood  hydrograph,  the  graph  of  storm  runoff 
as  a function  of  time,  are  controiied  by  many  interreiated  factors.  These 
factors  can  be  separated  into  two  main  categories:  transient  and  permanent." 

Transient  controls  mainiy  represent  climatic  factors,  and  permanent  controis 
are  associated  with  physicai  characteristics  of  the  drainage  basin.  Because 
virtuaily  aii  of  the  controls  are  dependent  In  some  way  on  one  another,  iden- 
tifying and  quantifying  individual  factors  provide  a major  difficulty  m es- 
tablishing meaningful  statistical  relationships  between  various  controls.  The 
usual  solution  to  this  problem  Is  selection  of  variables  which  are  as  physi- 
cally independent  as  possible.  The  importance  of  quantitative  geomorphology 
is  obvious  because  the  most  easily  obtained  data  is  that  which  can  be  quantified 
from  maps,  aerial  photographs,  and  other  remote  sensing  imagery.  In  this  study 
we  attempted  to  assess  the  influence  of  a large  number  of  hydrogeomorphic  para- 
meters on  flood  response.’  Computer  generation  of  morphometric  measures 
eased  the  data  acquisition  problem  and  allowed  the  comparison  of  data  generated 
from  various  types  of  imagery  (see  Appendix). 

Parametric  models  of  flood  response  are  frequently  employed  to  predict 
flood  response  from  the  geomorphic  properties  of  drainage  basins.®  Such  models 
identify  variables  that  have  significance  in  the  processes  that  transform 
drainage  basin  input  (high  intensity  rainfall)  to  output  (flood  hydrograph), 

A model  for  central  Texas  was  formulated  from  morphometric  data  collected 
from  1:2i),000  scale  topographic  maps  of  small  drainage  basins.  The  stream 
networks  for  these  basins  were  quantified  by  performing  a Horton  analysis. 5 
Stream  lengths  were  determined  by  the  crenylatlon  methodlO  and  streams  were 
ordered  both  by  the  Strahler'^  and  Shreve^^  methods.  The  following  variables 
were  recorded  for  each  basin:  drainage  area;  Strahler  order;  Shreve  magnitude 

(the  number  of  first-order  streams),  number  of  streams  of  a given  order, 
total  stream  length,  basin  length,  relief,  main  stream  length,  and  number 
of  segments  of  all  orders.  From  these  variables  additional  measures  of  the 
drainage  basin  were  calculated,  as  follows:  drainage  density,  relie'  atio, 

ruggedness  number,  and  first-order  channel  frequency.  Linear  and  areal 
measurements  were  performed  automatically  by  the  computer-assisted  procedure 
described  In  the  appendix. 

The  morphometric  and  the  runoff  data  were  entered  into  a correlation 
analysis  and  morphometric  variables  highly  correlated  with  area  were  then 
eliminated  to  avoid  autocorrelation  (Table  I).  Morphometric  variables  related 
to  discharge,  Shreve  magnitude,  drainage  density,  ruggedness  number  (relief 
times  drainage  density)  and  total  relief  were  entered  into  a stepwise  multiple 
regression  analysis.  The  multiple  regression  technique  allows  for  the  selec- 
tion of  that  variable  which  initially  explains  the  most  variability  in  the 
dependent  variable,  in  this  case,  maximum  peak  discharge. 

In  descending  order  of  importance,  the  additional  variables  are  included 
in  the  regression  until  there  is  no  significant  increase  in  the  variability 
explained.  The  resulting  relationship  was: 

Q “ 5930.3  + 20.7  M - 616,1  Dd, 
max  s 


where 

Q ■ xlmum  flood  discharge  of  record  (cubic  feet  per  second), 
max 

M ■ Shreve  magnitude  of  the  basin,  and 
s 

Od  ■ drainage  density  (mi les/mi les^) . 

In  statistical  terms,  Shi  .ve  magnitude  and  drainage  density  explained  86  per- 
cent of  the  variability  in  maximum  discharge.  Cc'mparlson  of  the  model  to  the 
input  data  is  facilitated  by  comparing  observed  and  computed  maximum  discharge 
for  the  study  basins  (Figure  3)- 

The  above  model  was  derived  from  morphometric  data  ge.'  rated  by  a conven- 
tional analysis  of  large-scale  topographic  maps.  Much  of  the  world,  however, 
lacks  detailed  topographic  surveys.  Many  areas  require  hydrologic  recon- 
naiss«ince  information  that  may  only  be  available  from  high-altitude  aerial 
or  even  orbital  imagery.  Can  these  data  formats  provide  the  necessary  input 
data  for  flood  response  models?  A major  aim  of  this  research  was  to  seek 
answers  to  this  question. 


NETWORK  AND  CHANNEL  RESOLUTION 

The  generally  arduous  nature  of  quantitative  drainage  network  analysis 
has  resulted  In  relatively  few  studies  that  compare  network  resolution  on  a 
variety  of  map  and  remote  sensing  Imagery  formats.  In  this  study  eight 
sources  of  graphic  Information  (Table  li)  were  examined  to  determine  their 
usefulness  in  delineating  stream  netwo'’ks.  These  sources  may  be  divided 
into  three  broad  groups;  topographic  maos,  suborbital  imagery  (aircraft), 
and  imagery  generated  from  space  by  Skylab.  Many  complex  factors  contributed 
to  the  degree  of  network  resolution  achieved  from  each  imagery  source.  These 
factors  are  best  illustrated  by  considering  selected  results  from  individual 
study  basins. 

Bee  Creek  is  a small  tributary  of  the  Colorado  River  developed  on  deeply 
dissected  marl  and  limestone  bedrock  near  Austin,  Texas.  The  relief  ratio 
(ratio  of  basin  relief  to  basin  length)  is  O.O3.  The  basin  is  characterized 
by  steep  slopes,  brushy  vegetation,  and  thin,  discontinuous  soils.  Orbital 
imagery  of  the  basin  vealed  the  considerable  resolution  capabilities  cf 
the  Skylab  EREP  earth  terrain  camera  over  the  LREP  mu! tispectral  photogra- 
phic camera  (Figure  ^) . At  least  AA  first-order  streams  were  Identified 
with  the  terrain  camera  in  the  8.2  km^  basin.  The  S-190A  mul tispectral 
image  revealed  only  lA  first-order  streams.  The  topographic  map  analysis 
(Figure  5),  In  contrast,  shows  the  interpretive  advantages  of  contour  crenu- 
lation  analysis  and  of  large  scale  formats  (1:2A,000)  for  network  interpreta- 
tion. Resolution  of  various  scales  and  types  of  imagery  can  be  further 
quantified  by  the  use  of  Horton's  law  of  stream  numbers  (Figure  6). 

A question  arises  in  deeply  dissected  basins  such  as  Bee  Creek  concern- 
ing the  detail  of  the  actual  network  and  the  significance  of  that  detail 
for  flood  runoff.  A precise  stereoscopic  interpretation  of  low  altitude 
black  and  white  aerial  photographs  revealed  that  numerous  small  gullies 


develop  on  hills  lopes  in  the  Bee  Creek  basin  as  an  adjunct  to  the  continuous 
channel  network  (Figure  7) • A detailed  field  study  (Figure  8)  showed  that 
these  gullies  averaged  30  meters  in  length.  This  and  other  field  studies 
suggest  that  all  forms  of  imagery  for  drainage  network  mapping  fail  to 
adequately  depict  the  high-density  gully  systems  that  may  occur  in  high 
relief  study  basins.  Most  of  the  gullies  studied  in  the  field  would  result 
in  an  order  of  magnitude  increase  in  first-order  stream  frequency  for  a 
given  basin.  Hov^cver,  the  hydrologic  significance  of  the  gullies  is  probably 
much  less  than  that  of  the  continuous  channel  network.  The  gullies 
constitute  a channel  flow  component  of  local  hillslope  hydrologic  systems. 

Their  high  channel  roughness  and  i regular  gradients  clearly  distinguish 
them  from  the  more  efficient  stream  channel  system  that  Is  accurately  displayed 
on  smaller  scale  imagery. 

Dry  Preng  Deep  ' 'eek  basin  is  developed  on  interbedded  sandstone  and 
shale  units.  It  has  a re’ief  ratio  of  0.021.  As  in  the  case  of  Bee  Creek, 
topographic  map  and  cuborbital  imagery  (Figure  9)  proved  to  be  much  more 
accurate  for  network  resolution  than  did  Skylab  imagery  (Figure  10).  However, 
Wilbarger  Creek,  a coastal  plain  basin  with  a relief  ratio  of  only  0.01  was 
quite  accurately  depicted  by  the  earth  terrain  camera  (Figure  11).  This 
basin  occurs  in  an  agricultural  area  with  thick  soils  developed  on  the  rela- 
tively permeable  Austin  Chalk.  Channels  with  their  attendant  land  use  changes 
extend  at  angles  across  the  more  regular  tones,  textures  and  patterns  of  the 
cultivated  land.  The  angular  trend  of  these  1 inears  frequently  allows  an 
interpreter  to  trace  a stream  channel  to  a bifurcation  point  which  might  go 
unnoticed,  especially  among  lower  stream  orders.  Wilbarger  Creek's  drainage 
density  is  only  2.1  km/km^  in  contrast  to  Bee  Creek's  density  of  7-8  km/km^. 

Bee  Creek's  more  detailed  pattern  is  partly  obscured  by  tall,  brushy  vegeta- 
tion and  strong  shadows  that  mask  the  photographic  expression  of  the  channels. 

Although  drainage  network  resolution  appears  to  be  controlled  by  a complex 
of  factors,  including  scale,  vegetation,  land  use,  shadow  tone,  and  texture, 
basin  relief  acts  in  an  integrating  fashion.  For  similar-sized  drainage 
basins,  Shreve  magnitude  (the  total  number  of  first-order  streams)  calculated 
from  various  imagery  formats  is  a clear  function  of  relief  ratio  (Figure  12). 

In  general,  the  large-scale  topographic  maps  gave  the  highest  resolution  of 
first-order  streams,  while  the  S-190A  imagery  provided  the  least.  Further- 
more, with  increasing  relief  ratio  the  number  of  first-order  streams  "lost" 
in  this  sequence  increases,  as  the  decreasing  slope  of  the  individual  lines 
demonstrates.  Probably  many  of  the  first-order  streams  in  regions  of  steep 
relief  are  actually  the  small  gullies  of  hillslope  systems  that  are  easily 
obscured  by  vegetation  and  not  enhanced  by  shadow  effects. 

Total  channel  length  measured  in  a basin  can  also  be  used  as  a quantita- 
tive guide  to  resolution.  A plot  of  this  parameter  against  relief  ratio 
(Figure  13),  reveals  greater  losses  in  total  channel  length  between  topo- 
graphic map  and  Skylab  measurements  of  basins  of  high  relief  ratio  than  for 
basins  of  low  relief  ratio.  Another  guide  to  resolution  is  the  demonstrated 
correlation  between  drainage  density  and  the  frequency  of  first-order 
streams.'^  When  this  relationship  is  plotted  for  the  topographic  map  and 
Skylab  data  (Figure  1A),  the  slope  of  the  relationship  is  preserved,  although 
the  data  plots  closer  to  the  origin  as  resolution  decreases.  The  fact  that 
tne  slope  of  the  line  is  preserved  indicates  that  the  decrease  in  drainage 


density  on  the  Skylab  Imagery  is  a result  of  the  loss  of  first-order  stream 
lengths,  and  not  a result  of  the  loss  of  higher  order  stream  lengths. 

These  relationships  suggest  that  the  drainage  network  results  obtained 
from  Skylab  imagery,  in  spite  of  the  various  external  controls  on  resolution, 
conform  proportionately  to  the  topographic  map  base  data.  The  results  are 
encouraging,  for  it  should  be  possible  because  of  this  proportionality,  to 
generate  additional  relationships  similar  to  the  drainage  density,  channel 
frequency, Shreve  magnitude-relief  ratio  relationship  and  thereby  more  accurately 
portray  drainage  basin  characteristics  from  Skylab  data. 

The  problem  of  interpreting  relief  from  small-scale  orbital  imagery  is 
a severe  limitation  on  its  hydrologic  applications.  However,  it  may  be 
possible  to  develop  correlations  between  planimetric  variables  and  relief 
for  local  geomorphic  provinces.  In  central  Texas,  for  example,  Shreve 
magnitude  was  found  to  be  strongly  correlated  to  ruggedness  number,  the 
dimensionless  product  of  total  basin  relief  and  drainage  density  (Figure  15). 

The  strong  dependence  on  local  relief  of  both  the  hydrologic  responses  of 
drainage  basins  and  the  resolution  capabilities  of  various  types  of  imagery 
dictates  that  hydrologic  reconnaissance  studies  using  planimetric  small-scale 
remote  sensing  imagery  can  be  accomplished  only  if  the  investigator  performs 
careful  calibrations  of  the  types  illustrated  in  Figures  12,  13,  1^  and  15- 
If  areas  of  considerable  local  relief  (hill  or  mountain  terrain)  lack  accurate 
topographic  maps,  small-scale  stereo  imagery  can  be  used  to  generate  maps 
of  the  type  shown  in  Figure  ?• 


/ 


T 


FLOOD  PLAIN  MAPPING  STUDIES 


The  accelerating  demand  for  flood  hazard  information  makes  imperative  an 
evaluation  of  alternative  techniques  to  standard  engineering  flood  line  and 
regional  flood  analyses.'**  Different  mapping  techniques  may  be  appropriate 
to  different  localities  depending  on  the  local  hydrologic  regime,  the  level 
at  which  planning  is  being  performed,  and  the  funds  available  to  finance 
the  study.  A geomorphic  approach  to  flood  hazard  mapping  can  be  used  effec- 
tively at  the  state-wide  or  regional  scale  to  provide  interim  information 
prior  to  detailed  hydrologic  and  hydraulic  studies  on  a local  basis.  If 
included  within  an  overall  program  of  regional  environmental  geological 
mapping,  morphological  flood  plain  mapping  can  provide  a relatively  inex- 
pensive by-product  of  a general  program  of  environmental  inventory  based  on 
the  interpretation  of  remote  sensing  imagery. 

The  geomorphic  approach  to  flood-hazard  mapping  advocated  here  should  not 
be  confused  with  physiographic  correlation  of  specific  topographic  features 
with  flood  discharges  of  known  frequency. It  involves  the  more  extensive  , 
investigation  of  mo-phology,  sedimentology,  distinctive  erosional  features,' 
time  sequences  of  channel  abandonment,  and  the  compilation  of  existing  pedo- 
logic,  botanic,  and  hydrologic  Information. A base  map  is  developed  by 
mapping  typical  geomorphic  flood  plain  features'"  and  associated  terraces 
from  remote  sensing  imagery  and  from  selected  field  studies.  The  available 
soils,  vegetat i ona 1 , historical  flood,  and  hydrologic-hydraulic  information 
can  then  be  superimposed  on  the  geomorphical ly  delineated  flood  plain.  The 
skilled  investigator  v-ill  use  each  technique  to  check  and  balance  the  other. 


As  a test  of  the  hydrogeomorphic  method  of  flood  plain  mapping,  a 
detailed  study  was  initiated  of  the  Colorado  River  valley  between  Austin  and 
La  Grange,  Texas.  The  channel  forms  of  the  Colorado's  valley  were  mapped 
from  N.A.S.A.  - generated  high  altitude  color  aerial  infrared  (type  SO1 17) 
photographs  (1:116,000  scale).  The  map  (Figure  16)  revealed  crosscutting 
relationships  for  distinct  assemblages  of  ancient  channel  patterns  associated 
with  multiple  levels  of  the  Colorado  River  flood  plain.  The  imagery  easily 
distinguished  these  channel  forms  from  upland  physiography  and  from  modern 
active  channels  of  the  Colorado  River. 

Resolution  of  the  Skylab  S-190B  sensor  (earth  terrain  camera)  was  tested 
relative  to  aerial  infrared  imagery  for  geomorphic  flood  hazard  mapping 
(Figure  17).  The  S“190B  map  was  produced  in  only  15  minutes.  The  infrared 
map,  in  contrast,  required  1 hour  for  interpretation.  The  Skylab  imagery, 
although  providing  less  detail,  easily  distinguished  the  high  and  low  sinuosity 
forms  recognized  by  the  aircraft  imagery  as  well  as  the  alluvial  valley  margi- 
nal scarps.  Man-made  features  (e.g. , Bergstrom  A.F.B.)  were  resolved  with 
nearly  equal  precision  by  Skylab  and  by  the  aerial  photography. 

Comparison  of  the  mapped  paleochannel  forms  to  historic  and  hydrologic 
regional  flood  lines  (Figure  18)  shows  that  the  low  sinuosity  channels  on 
the  older  terraces  are  flooded  by  extremely  rare,  high  magnitude  events  (e.g., 
the  100-year  flood). xt,e  distinctive  modern  bars  and  channels  are  flooded 
with  much  greater  frequency,  probably  in  the  1-A  year  recurrence  interval 
range.  A zone  of  intermediate  hazard  occurs  in  abandoned  high-sinuosity 
forms  below  a prominent  terrace  that  is  easily  recognized  on  orbital  imagery. 

An  upper  boundary  to  these  flood  hazard  zones  is  provided  by  the  scarps 
bordering  the  alluvial  valley  of  the  Colorado  River.  Water  from  the  largest 
historic  Colorado  River  flood  reached  this  margin  in  1935.  S-190B  imagery, 

therefore,  provides  a rapid  tool  for  hydrogeomorphic  flood  hazard  mapping. 

The  basic  flood  hazard  zones  can  be  distinguished  for  central  Texas  river 
flood  plains,  but  the  precise  location  of  the  intermediate  frequency  hazard 
zone  requires  large-scale  suborbital  imagery  for  its  interpretation. 

In  order  to  establish  the  precise  ground  truth  for  the  above  analysis, 
we  used  stereo  pairs  of  conventional  aerial  black  and  white,  panchromatic 
photography  at  1:22,000  scale  for  extremely  detailed  mapping  (Figure  19). 

Field  studies  and  cross-valley  prc.fi les  (Figure  20)  revealed  that  the  various 
paleochannel  assemblages  are  associated  with  river  terrace  levels  described 
as  "younger  nondissected  terraces"  in  the  old  descriptive  geomorphic  litera- 
ture.^® Channel  6B  is  a channel  cut  in  bedrock  (Figure  20).  Channels  6,  6A, 
and  6B  all  occur  at  the  same  topographic  level,  but  are  composed  of  alluvium 
that  exhibits  at  least  three  distinct  channel  patterns.  Channel  7 includes 
a complex  of  highly  dissected  valley  margin  surfaces,  named  the  Capitol  and 
Asylum  Terraces  by  the  early  workers.  The  valley  margin  physiography  is 
underlain  by  a deeply  weathered  stage  of  fluvial  gravel  of  early  Pleistocene 
age.  The  distinctive  patterns  on  the  Skylab  imagery  (Figure  2l)  result  from 
sediment  size  variations  that  were  controlled  by  the  changing  regimen  of  the 
Colorado  River  during  the  Quaternary . ^2 

in  the  Edwards  Plateau  broad  flood  plains  have  not  developed  along  the 
resistant  limestone  bedrock  stream  channels. 23  Even  the  major  rivers  flow 
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through  steep- sided,  narrow  canyons  excavated  from  the  Edwards  Limestone  and 
underlying  Glen  Rose  Formation.  Nevertheless,  a distinct  vegetation  zonation^^ 
holds  some  promise  as  a recognition  tool  In  flood  hazard  studies.  To  test 
the  use  of  remote  sensing  imagery  for  botanic  flood  hazard  zoning  in  this  area, 
we  employed  N.A.S.A.  - generated  aerial  infrared  type  imagery  taken  with 

the  RC8  camera.  In  the  Pedernales  Falls  area  (Figure  22)  the  flood  plain 
botanic  association  was  clearly  visible  as  a light  pink  response  on  the 
imagery.  Pools  of  deep  water  along  the  discontinuous  river  course  could  also 
be  easily  mapped  from  their  distinctive  deep  blue  response.  Areas  of  exposed 
bedrock  in  the  channei  bottom  and  bars  of  sand  and  gravel  appeared  bright 
white  on  the  imagery.  These  frequently  flooded  zones  presented  a dramatic 
contrast  to  the  duil  green  of  adjacent  grassy  hillslopes  and  the  maroon 
response  of  local  clusters  of  juniper  and  live  oak  in  the  uplands.  Field 
investigations  near  Pedernales  Falls  revealed  that  the  principal  trees  giving 
the  pink  response  were  American  sycamore,  pecan,  water  hickory,  and  myrtle 
oak.  The  darker,  maroon  response  of  vegetation  on  the  hillslopes  and  inter- 
fluves resulted  from  eastern  red  cedar,  juniper,  and  live  oak. 

Flooding  in  the  smaller  basins  of  the  Edwards  Plateau  produces  extensive 
channel  scour  and  deposition.  Freshly  worked  alluvium  shows  up  on  the  imagery 
with  a bright, strong  response.  Because  of  the  high  magnitude  and  infrequent 
character  of  the  flood  events,  coarse,  white  limestone  debris  transported  by 
a flood  remains  as  a channel  lag  and  is  not  appreciably  modified  by  lower 
discharges.  The  response  of  this  debris  is  clear  enough  to  be  recognized  on 
orbital  imagery  (Figure  23). 

A striking  opportunity  for  the  application  of  multi-date  imagery  to  a 
flood  event  in  a plateau  basin  was  afforded  by  the  flooding  of  May  11  - 12, 
1972,  near  New  Braunfels,  Texas.  The  center  of  the  flood  producing  storm 
dropped  about  kO  cm  of  rainfall.  Reports  from  local  residents  indicated  that 
the  storm  only  lasted  four  hours  and  spread  an  average  of  perhaps  20  cm  of 
precipitation  over  78O  square  kilometers.  Some  of  the  most  intense  rain 
fei 1 on  the  catchment  of  Blieders  Creek,  a tributary  of  the  Comal  River.  The 
estimated  peak  flood  discharge  of  1370  mVsec  (^»8,k00  cfs)  for  the  kO-square- 
kilometer  catchment  area  resulted  in  widespread  devastation  to  the  vegeta- 
tion and  soil  cover  and  considerable  property  damage. 

Comparison  of  preflood  and  postflood  imagery  of  Blieders  Creek  (Figure  2^) 
indicates  the  morphologic  response  of  the  stream  channel  to  an  extreme  hydro- 
logic  event.  Prior  to  the  fiood,  the  valle/  floor  was  mostly  covered  by  an 
organic  soil  and  turf  layer  of  15  to  25  cm  in  thickness  that  had  developed  on 
coarse  stream  gravel  marginal  to  the  low-flow  channel.  Low  brush,  scrub  oak, 
and  large  deciduous  trees  characterized  the  channelway  (Figure  24A) . The 
flood,  through  a combination  of  scour  and  coarse  cobble  and  boulder  deposi- 
tion, created  a bare  valley  bottom  exposing  white  limestone  bedrock  and  fresh 
alluvium  (Figure  2kB).  Preflood  and  postflood  channel  cross  sections  show 
tha.  scour  occurred  in  the  deeper  portions  of  the  channel,  probably  at  mean 
flow  velocities  of  two  - three  meters  per  second.  Boulders  as  large  as  1.5  x 
1.5  X 1 meters  were  transported  for  short  distances.  These  effects  show  the 
great  significance  of  high  magnitude  low  frequency  runoff  events  on  the 
fluvial  morphology  of  central  Texas. 25 
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CONCLUSIONS 

Centra)  Texas  is  a region  of  highly  variable  flood  responses  that  has 
not  yielded  to  precise  evaluation  of  flood  potential  by  traditional  hydro- 
logical methods. 26  This  paper  suggests  that  a rational  model,  emphasizing 
the  permanent  "ydrogeomorphic  controls  on  flood  hydrographs,  may  be  a 
practical  al'cmative.  The  basis  of  the  approach  is  the  measurement  of 
drainage  jai'i,  network,  and  channel  characteristics  from  various  kinds  of 
remote  s.ins!n  imagery.  The  most  significant  hydrogeomorphic  controls 
were  fouid  t be  drainage  density,  drainage  area,  Shreve  magnitude,  and 
ruggedness  nui'iber. 

Measures  of  network  resolution  such  as  drainage  density  and  basin 
Shreve  magnitude  indicated  that  large-scale  topographic  maps  (1:2l<.000) 
offered  greater  resolution  than  small-scale  suborbital  imagery  (1:48,000  and 
1:l23iOOQ)  an  orbital  Imagery.  However  detailed  field  surveys  of  high-relief 
drainage  basi  s revealed  that  even  networks  developed  from  topographic  maps 
failac'.  to  rec  rd  some  second  order  and  many  first  order  streams.  This 
corrohor<»tes  he  results  of  other  Investigators. 27  The  disparity  in  network 
resolution  ca^abi I i ties  between  orbital  and  suborbital  imagery  formats  (includ- 
inr  top>gr.iph'C  maps)  depends  on  factors  such  as  imagery  scale,  rock  type, 
vegetat.'on,  land  use  and  valley  morphology.  For  a given  relief  ratio,  dra inage 
network  results  from  Sky  lab  imagery  appear  to  conform  proportionately  to  the 
topographic  miip  base  data.  Moreover,  in  the  low  relief  basins  of  the  inner 
Coastal  Plain,  such  as  Wilbarger  Creek,  orbital  network  definition  is  nearly 
as  accurate  .as  topographic  map  definition. 

Remo' e sensing  imagery  was  found  to  have  a broad  range  of  uses  in  a 
variety  of  flood  plain  mapping  approaches.  The  Skylab  S-I90B  sensor  was 
found  to  b<j  fi  useful  tool  for  the  rapid  generation  of  geomorphic  flood 
hazard  zon*  maps.  Studies  of  the  Colorado  River  valley  near  Austin,  Texas, 
easily  dis  .inguished  the  boundary  between  upland  physiography  and  active 
flood  plai  . In  addition,  the  recognition  of  paleochannel  patterns  associated 
with  highe  , lets  active  portions  of  the  flood  plain  allowed  a distinction 
to  be  made  between  infrecent,  intermediate,  and  frequent  hazard  zones.  The 
significance  of  the  hazard  zones  was  confirmed  by  field  profiles  and  detailed 
mapping  using  aerial  infrared  imagery  and  stereopairs  of  low  altitude  pan- 
chromatic aerial  photography  (1:22,000  scale). 

N.A.S.A.  • generated  aerial  infrared  imagery,  type  at  a scale  of 

1:1*8,000  was  found  to  be  useful  for  botanic  and  geomorphic  flood  hazard 
mapping  both  along  the  deeply  entrenched  bedrock  streams  of  the  Edwards 
Plateau  and  fo*  toe  broad  alluvial  flood  plain  of  the  Colorado  River  oast 
of  the  Balcones  Foult  Zon '.  These  mapping  techniques  can  pro  ide  rapid 
regional  evaluation  of  floe  hazards  much  more  quickly  than  standard 
engineering-hydraulic  o'T^oaches.  Where  a significant  economic  threat  is 
identified  ii  a loc..'  aiea,  the  regional  remote  sensing  studies  can  bj  supple- 
mented by  the  time-consuming,  but  more  accurate  engineering  approaches. 


22  ] 


ACKNOWLEDGEMENTS 


This  work  was  supported  in  part  by  the  National  Aeronautics  and  Space 
Administration  under  contract  number  NAS  9-13312.  The  Water  Resources  Research 
Center,  Purdue  University,  made  available  computer  programs  for  watershed 
analysis.  S.  D.  Hulke  and  M.  H.  Penteado  contributed  to  various  phases 
of  the  project.  J.  Boone  and  R.  M.  Looney  assisted  with  the  field  mapping  of 
drainage  basins. 


REFERENCES 


1 

Deussen,  Alexander,  1924,  Geology  of  the  coastal  plain  of  Texas  west  of  the 
Brazos  River:  U.  S.  Geol . Survey  Prof.  Paper  126,  139  PP- 

2 

Baker,  V.  R. , 1975,  Flood  hazards  along  the  Balcones  Escarpment  in  central 
Texas  --  alternative  approaches  to  their  recognition,  mapping  and 
management:  Univ.  Texas,  Bur.  Econ.  Geology  Circular. 

3 

Orton,  Robert,  1966,  Characteristic  meteorology  of  some  large  flood -producing 
storms  in  Texas:  Texas  Water  Dev.  Board  Rept.  33,  PP-  l-l8. 

4 


Lott,  G.  A.,  1952,  Rainstorm  of  September  9*10,  1952:  Monthly  Weather 

Review,  v.  80,  pp.  I6I-I63. 

5 

Hoyt,  W.  G.,  and  Langbein,  W.  B. , 1955.  Floods:  Princeton,  Princeton  Univ. 

Press,  469  PP- 

6 

Rodda,  J.  C.  1969.  The  flood  hydrograph,  jn^  Chorley,  R.  J.,  ed..  Water, 
earth,  and  man:  London,  Methuen  and  Company,  pp.  405"4lS7 

7 

Baker,  V.  R. , llolz,  R.  K. , and  Hulke,  S.  D.,  1974,  A hydrogeomorphic 

approach  to  evaluating  flood  potential  in  central  Texas  from  orbital 
and  suborbital  remote  sensing  imagery:  Proc.  Ninth  Int.  Symp.  on  Remote 

Sensing  of  the  Environment,  Ann  Arbor,  Michigan,  v.  1,  pp.  629-646. 

8 

Gregory,  K.  J.,  and  Walling,  0.  E.,  1973.  Drainage  basin  form  and  process, 
a geomorphological  approach:  London,  Edward  Arnold,  456  pp. 

9 

Horton,  R.  E.,  1945.  Erosional  development  of  streams  and  their  drainage 
basins:  hydrophysical  approach  to  quant  i ta'' i ve  morphology:  Geol. 

Soc.  American  Bull.,  v.  56,  pp.  275"370. 

10 

Morisawa,  M.  E.,  1957.  Accuracy  of  determination  of  stream  lengths  from 
topographic  maps:  Trans.  Am.  Geophys.  Union,  v.  33.  PP-  86-88. 

1 1 

Strahler,  A.  N.,  1957,  Quantitative  analysis  of  watershed  geomorphology; 
Trans.  Am.  Geophys.  Union,  v.  38,  pp.  913-920. 

12 

Shrcve,  R.  L. , I966,  Statistical  law  of  stream  numbers: 

V.  74.  pp.  17-37. 


Jour.  Geology, 


13 

Meiton,  M.  A.,  1957.  An  analysis  of  the  relations  among  elements  of  cli- 
mate, surface  properties,  and  geomorphology:  Tech.  Report  No.  11, 

Office  of  Naval  Research  Project  NR  389-OA2,  Dept,  of  Geology,  Columbia 
Univ. , N.  Y. 

14 


Wolman,  M.  G. , 1971,  Evaluating  alternative  techniques  of  flood  plain 
mapping:  Water  Resources  Research,  v.  7.  PP-  1383“1392. 

15 

Kilpatrick,  F.  A.,  and  Barnes,  H.  H.,  1964,  Channel  geometry  of  Piedmont 
streams  as  related  to  frequency  of  floods:  U.  S.  Geol . Survey  Prof. 

Paper  422-E,  10  pp. 

16 

Baker,  V.  R. , 1974,  Geomorphic  effects  of  floods  in  central  Texas  and 
their  application  in  recognizing  flood  hazards:  Geol.  Soc.  America 

Abstracts  with  Programs,  v.  6,  no.  7,  pp.  640-641. 

17 

Reckendorf,  F.  F.,  1973,  Techniques  for  identifying  flood  plains  in  Oregon: 
Oregon  State  Univ.,  Ph.O.  dissertation  (unpub.),  344  pp. 

18 


Leuder,  D.  R.,  1959.  Aerial  photographic  interpretations:  New  York, 

McGraw-Hill  Book  Co.,  462  pp. 

I 

Baker,  V.  R.,  Garner,  L.  E.,  Turk,  L.  J.  and  Young,  K.  P.  1973,  Urban 

flooding  and  slope  stability,  Austin,  Texas:  Austin  Geological  Society 

Field  Trip  Guidebook,  3I  PP- 

I 

Hill,  R.  T.,  and  Vaughan,  T.  W. , I897,  Geology  of  the  Edwards  Plateau  and 
Rio  Grande  Plain  adjacent  to  Austin  and  San  Antonio,  Texas,  with 
reference  to  the  occurrence  of  underground  waters:  U.  S.  Geol.  Survey 

Ann.  Report  No.  I8,  part  2,  pp.  195“321. 

Weber,  G.  E.,  I968,  Geology  of  the  fluvial  deposits  of  the  Colorado  River, 
central  Texas:  Univ.  of  Texas,  M.  A.  thesis  (unpub.),  119  PP- 


Baker,  V.  R.,  and  Penteado,  M.  M. , 1975,  River  adjustment  to  late  Quater- 
nary hydrologic  regimen  changes  in  central  Texas:  Geol.  Soc.  America 

Abstracts  with  Programs,  v.  7,  no.  2,  p.  l44. 

23 

Tinkler,  K.  J.,  1971,  Active  valley  meanders  in  south-central  Texas  and 

their  wider  implications:  Geol.  Soc.  America  Bull.,  v.  82,  pp.  I783-I8OO. 

24 

Wermund,  £.  G.,  and  Waddell,  C.  T.,  1974,  Adapting  biologic  assemblage 
data  for  environmental  needs,  j_n  Wermund,  E.  G.,  e;^.  , Approaches  to 
environmental  geology:  Univ.  Texas,  Bur.  Econ.  Geology  Rept.  Inv., 

pp.  236-246. 

25 

Patton,  P.  C.,  and  Baker,  V.  R. , 1975,  Low  frequency  high  magnitude  floods 
and  their  relation  to  the  morphology  of  st  earns  in  central  Texas:  Geol. 

Soc.  America  Abstracts  with  Programs,  v.  7,  no.  2,  pp.  224-225. 

26 

Benson,  M.  A.,  1964,  Factors  affecting  the  occurrence  of  floods  in  the 
southwest:  U.  S.  Geol.  Survey  V^ater-Supply  Paper  1530-D,  72  pp. 


11 

Coffman,  D.  M. , 
Indiana  Acad 


1970,  Parameter  measurement  in  fluvial  morphology: 

C^:  p......  w 70  nr,  177-lUU 


TABLE  I.-  C^nRELATION  MATRIX  OF  MORPHOMETRIC  DATA  AND  RUNOFF  DATA  FOR  CENTRAL  TEXAS 
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Computed  Maximum  Peak  Discharge  OOOOcfs) 


Figure  Comparison  of  measured  maximum  peak  discharge  values  versus  maxi 
mum  discharge  computed  from  the  equation  “ 5930.3  + 20.7  M; 

6l6.1  Dd.  The  line  represents  perfect  agreement. 


Figur  Drainage  map  of  Bev’  Creek  constructed  by  detailed  stereoscopic 

interpretation  of  a pair  of  low  altitude  black  and  white  aerial 
photographs  at  1:13,000  scale.  Map  was  prepared  by  Dr.  M.  M. 
Penteado. 
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Figure  8.-  Subbasins  of  Bee  Creek  analyzed  by  detailed  field  survey.  Stream 
lengths  were  measured  mostly  by  pacing  and  compass  technique. 
Heavy  vegetation  made  mapping  by  tape  survey  extremely  tedious. 
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Figure  9A.-  Drainage  map  of  Dry  Prong  Deep  Creek  constructed  by  the  'method 
of  Vs"  using  a 1:62,500  scale  topographic  map. 

9B.~  Drainage  map  of  Dry  Prong  Deep  Creek  constructed  from  a N.A.S.A. 
color  infrared  image  in  9 x 9"  format  at  1:2^*, 768  scale  (Aircraft 
mission  261,  image  RL13"D017)- 
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Figure  10.-  Drainege  maps  of  the  Dry  Pronr  Deep  Creek  basin  constructed  from 
the  following  imagery  formats:  (A)  Skvlab  SL-4  S-190A  enlarged 

to  1:53.879  scale  (high  resolution  color  film  SO-356  with  FF  fil 
ter),  (B)  Skylab  SL-**  S-I9OB,  roll  9**,  frame  123;  the  original 
9 ^ 9"  transparency  was  enlarged  to  1:45,625  scale. 
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RELIEF  RATIO 


Figure  12.-  Shreve  magnitude  versus  relief  ratio  for  similar-sized  drainage 
basins  with  morphometric  data  supplied  from  differing  imagery 
formats.  Basins  are  indicated  by  number  as  fallows:  (l)  Deep 

Creek  no.  8,  (2)  Dry  Prong  Deep  Creek,  (3)  Wilbarger  Creek, 

(k)  Dry  Creek  at  Buescher  Lake,  (5)  Upshaw  Creek,  (6)  Bee 
Creek,  Basin  areas  vary  from  8 to  2C  km^. 
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Figure  I3.-  Total  stream  length  versus  relief  ratio  for  drainage  basins 
interpreted  from  different  imagery  formats.  Basins  are  indi 
cated  by  number  as  in  Figure  12. 


Figure  14.-  First-order  channel  frequency  versus  drainage  density  for  topo 
graphic  map  and  Skyiab  data. 
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Shreve  Magnitude  M, 


Figure  15 


Ruggedness  Number  HD 
HD  = Relief  x Drainage  Density 


Shreve  magnitude  versus  ruggedness  number  (drainage  density 
times  relief). 
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Figure  16.-  Colorado  River  flood  plain  features  near  Austin,  Texas,  mapped 
from  high  attitude  color  aerial  infrared  Imagery  (Film  Type 
SO-117)-  Mission  was  flown  by  tue  N.A.S.A.  Colorado  River- 
Brazos  River  Experiment  on  Dec.  11,  1969,  using  the  RC8/4R 
sensor. 
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Figure  18.-  Comparison  of  geumorphic  flood  plain  features  of  the  Colorado 
River  to  regionai  flood  iines  from  historic  and  hydrologic  sur- 
veys . 
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Figure  19.-  Gconwrphic  map  of  Colorado  River  flood  plain  and  channel  morpho- 
logy between  Austin  and  Bastrop,  Texas.  Hap  was  constructed  by 
interpretation  of  stereo  pairs  of  aerial  panchromatic  photography 
flown  in  April  1969  by  the  U.  S.  Air  Force.  Scale  of  original  i 

photography  was  approximately  1:22,000.  Each  channel  pattern  i 

mapped  is  associated  with  specific  sediment  load  characteristics 
that  were  established  by  field  samplirig. 
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Figure  20,-  Schematic  cross  section  cf  the  Colorado  River  near  Austin,  Texas, 
showing  terrace  levels  associated  with  various  channel  forms. 


reproducibility  of  1 
ORIGINAL  PAGE  IS 


Figure  22.-  Flood-related  features  in  the  Pedernales  Falls  area  mapped  from 
N.A.S.A.  aerial  Infrared  type  2^43  imagery  at  1:148,000  scale. 


Oblique  S-19OA  photograph  of  the  Balcones  Escarpment  from 
Del  Rio  (left)  to  San  Antonio  (right),  'bright  response  of 
river  channels  on  the  Edwards  Plateau  arly  delineates 

effects  of  recent  flooding. 


Scale  in  Meiers 


Geomorphic  effects  of  the  1972  flood  along  Bl ieders  C.eek. 
(a)  as  mapped  from  a vertical  aerial  photograph  (U.S.U.A. 
BQu-2v-1fil)  of  Bl  ieders  Creek  taken  in  February  1958*  The 
active  channel  is  somewhat  obscured  by  grass  and  soil.  Note 
the  extensive  brush  and  tree  vegetation  along  the  stream 
course.  (B)  as  mapped  from  a high  altitude  infrared  photo- 
graph taken  by  N.A.S.A.  on  December  I,  1973.  nearly  7 months 
after  the  flood. 
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COMPUTER-ASSISTED  ANALYSIS  OF  DRAINAGE  BASINS 

Once  a network  pattern  has  been  interpreted  from  a data  source,  the  various 
stream  junctions,  sources,  and  link  mid-points  need  to  be  reduced  to  morphometric 
parameters.  To  avoid  the  tedious  nature  of  manual  morphometric  analysis  from 
photographic  or  cartographic  data  sources,  we  have  incorporated  machine-assisted 
digitization  of  drainage  networks  and  computer  reduction  of  data  into  a syste- 
matic analytical  procedure.  We  report  here  on  preliminary  testing  of  this  pro- 
cedure, as  a first  step  in  relating  morphometric  measurements  from  various 
remote  sensing  imagery  to  flood  hydrology. 

The  W.A.T.E.R.  System,  a computer  program  for  watershed  analysis  developed 
at  Purdue  University  and  the  University  of  Toronto,^  was  used  to  calculate 
quantitative  geomorphic  parameters  from  digital  input  data.  The  transformation 
of  spatial  data  (drainage  maps)  to  digital  data  can  be  accomplished  by  selecting 
points  within  the  drainage  network  which  describe  the  branching  pattern  of  the 
network  (network  topology)  and  assigning  cartesian  coordinates  to  these  points 
to  resolve  their  spatial  position  (Figure  1).  Network  topology  can  be  described 
by  a sequence  of  numeric  codes  which  define  the  function  of  selected  data 
points. 

Besides  recording  data  point  function  codes  sequentially,  it  is  necessary 
to  record  the  spatial  positions  (cartesian  coordinates)  of  the  points  in  the 
same  sequence.  (X  and  Y coordinates  of  the  end-of-data  dummy  point  are  ignored). 
These  positions  were  automatically  digitized  with  an  accuracy  of  - .005  inches 
(.013  cm)  using  a d-mac  pencil  follower.  Output  from  the  pencil  follower  was 
recorded  on  7-track  magnetic  tape.  Input  data  to  the  W.A.T.E.R.  System  were 
the  three  sequential  arrays  of  X and  Y coordinates  and  associated  function  codes 
of  the  data  points,  and  the  scale  of  the  digitized  drainage  network. 

It  is  obvious  that  the  method  outlined  above  creates  a schematic  digital 
model  of  a drainage  network.  A more  detailed  model  can  be  defined  by  inserting 
"midpoints"  which  break  up  curving  segments  of  the  network  into  t everal  short 
straight  segments  rather  than  one  long  straight  segment.  Also,  the  W.A.T.E.R. 
System  can  perform  three-dimensional  analysis  if  the  elevation  is  included  as 
a Z coordinate  in  defining  the  spatial  position  of  data  points. 

After  the  recording  of  coordinates  for  each  data  point  on  magnetic  tape, 
a series  of  operations  ensues  to  determine  accuracy  in  the  data  array,  to  edit, 
and  finally  to  interface  the  data  with  the  W.A.T.E.R.  System  (Figure  2).^ 

The  RCUHELP  program  was  used  to  transfer  data  to  punch  cards  or  permanent  file 
(disk).  The  KAREDIT  program  was  used  to  properly  align  data  words  as  stored  in 
the  permanent  file.  The  MIXER  program  was  used  to  read  word  storage  to  trans- 
form data  back  to  a graphical  output  for  error  detection.  Errors  were  located 
on  CALCOMP  plots  of  network  data  at  the  same  scale  as  the  original  spatial  input 
(Figure  3).  By  overlaying  the  two  spatial  formats,  data  errors  were  quickly 
recognized. 

Errors  were  frequently  encountered  in  the  digitizing  operation.  We 
attribute  this  to  the  extremely  monotonous  and  inflexible  way  in  which  the  data 
must  be  collected.  Minor  errors  are  easily  corrected,  but  major  errors  often 
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resulted  in  discarding  the  original  data  and  starting  again  at  the  digitizing 
step.  This  concern  with  error  is  extremely  important.  Aberrant  data  points. 
Incorrect  X or  Y coordinates,  incorrect  function  codes,  or  mis-matching  of 
position  and  function  data  wlli  inevitauly  lead  to  errors  in  parameter  calcula* 
tion  by  the  W.A.T.E.R.  System.  At  best,  this  leads  to  prolonged  computer 
number  crunching  on  aberrant  data  which  results  in  equally  aberrant  output  and 
inflated  time  charges.  At  worst,  data  is  simply  incorrect,  but  the  W.A.T.E.R. 
System  output  may  seem  plausible.  Unfortunately  this  leads  the  user  to  assume 
that  it  is  correct.  The  involved  editing  routine  (Figure  2)  was  developed  to 
overcome  these  difficulties. 3 

From  the  edited  numeric  data,  the  W.A.T.E.R.  System  assigns  the  Strahler 
orders  to  all  segments  of  the  drainage  network,  determines  segment  lengths, 
basin  perimeter  and  area,  and  calculates  basin  statistics.  Shreve  magnitudes, 
link  lenghts,  and  basin  statistics  are  likewise  calculated.  The  output  of  the 
W.A.T.E.R.  System  characterizes  a drainage  network  geometry  as  interpreted 
from  a specific  imagery  source. 
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Figure  1.-  Assignment  of  Strahier  orders  and  Shreve  magnitudes. 
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Figure  2.-  Flow  chart  of  operations  to  transform  spatial  drainage  network 
data  to  quantitative  geomorphic  parameters  using  the  W.A.T.E.R. 
System. 


AN  INUNDATION  STUDY  OF  THE  LOWER  MAGDALENA- CAUCA  RIVER  BASIN 
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Annual  floodings  affect  about  35  000  km  of  the  Lower  Magda1ena-Cauca  River  Basin  In  the 
northern  part  of  Colombia.  Until  recently,  almost  no  Information  was  available  on  the  exact 
extension  of  the  Inundations  nor  on  the  complex  of  factors  Involved  In  the  problem. 

The  Colombian  Government  Is  promoting  an  Integrated  survey  of  the  entire  river  basin  with 
the  object  of  land  reclamation  In  the  lower  part.  The  Centro  Interamericano  de  Fotointerpre- 
taclon (CIAF),  Colombia's  official  International  training  center  for  photointerpretation,  has 
been  appointed  to  undertake  the  Investigations  of  flooding,  using  a combination  of  modern 
remote-sensing  techniques. 

The  objectives  of  this  part  of  the  project  are  to  get  good  answers  as  to  why,  when,  and 
where  the  floods  really  occur  and  to  study  within  the  complex  of  possible  solutions  (regulatlor 
dams,  surface  runoff  control,  construction  of  dikes,  river-channel  Improvement)  the  possi- 
bility of  using  the  river  marginal  lakes  ("clenagas")  as  reservoir  basins  during  the  high- 
water  stages. 

The  material  available  for  this  study  consisted  of: 

1.  Two  good  coverages  of  five  LANDSAT  multlspectral  scanner  (MSS)  images  each,  taken 
on  January  1,  2,  and  3 and  February  6,  7,  and  8 of  1973 

2 

2.  A 45  000-kn  coverage  of  side-looking  airborne  radar  (SLAR)  mages  (Goodyear  APS- 
102  X-band  system)  taken  on  November  14  and  15,  1973,  during  a high-water  stage 

2 

3.  Approximately  2000  km  of  1:10  000  aerial  photography  In  Individual  strips  of 
key  areas  taken  almost  simultaneously  with  the  SLAR  imagery 

4.  Several  older  and  Incomplete  aerial  photography  coverages  at  different  scales  and 
of  different  water  situations  taken  for  other  purposes 


LANDSAT  MSS  IMAGES 


Notwithstanding  the  fact  that  the  LANDSAT-1  images  of  the  first  days  of  January  1973  were 
taken  about  3 weeks  after  the  beginning  of  the  dry  season,  a high-water  and  inundation 
situation  was  imaged.  The  images  of  February,  taken  36  days  after  the  first  ones  and 
representing  low  water,  showed  considerable  changes  in  the  hydrological  situation. 

Tiic  two  coverages  formed  the  first  pictorial  representation  of  one  particular  hydrological 
situation  of  the  whole  Inundation  area  and  the  changes  In  time  occurrirg  within  this  area. 

Only  open  water  bodies  could  be  mapped  (band  7),  and  the  extensive  areas  covered  with 
floating  vegetation  and  reed  could  not  be  separated  from  the  adjacent  low-lying  grasslands, 
thus  giving  a restricted  Impression  of  the  land/water  ratio  (field  data  showed  frequently  over 
2-m  water  depth  In  the  reed  fields),^  An  interpretaion  of  the  sequential  images  enabled  us 
to  make  a classification  of  the  "clenagas"  according  to  their  participation  in  tempering 


f 


it 


the  water  wave  and  which  of  them  might  be  used  as  j reservoir  basin.  This  classification 
is  as  follows: 

1.  lakes  not  participating;  nearly  without  changes  in  time 

2.  Lakes  actively  participating;  considerable  changes  in  time 

3.  Areas  drying  up;  extreme  changes  in  time 

The  "cienagas"  of  the  first  group  offer  greut  possibilities  in  improving  the  sto»'age 
capacity  if  their  drainage  could  be  improved  to  obtain  a smaller  dephasing  between  high- 
and  low-water  stages  in  the  river  and  the  "cienaga."  The  second  group  is  apparently 
actively  participating  in  the  storage  capacity.  Interpretation  of  the  images  and  comparison 
with  field  data  and  conventional  photography  showed  that  the  third  group  consists  principally 
of  a complex  of  shallow  inundated  land  and  small  "cienagas."  Criteria  For  this  classifica- 
tion could  only  be  obtained  by  sequential  coverages  of  the  LANDSAT  images. 

Furthermore,  the  interpretation  of  sedimentation  patterns  in  the  low-lying  lands  and  in 
the  "cienagas"  and  Interpretation  of  drainage  conditions  and  land  use  (bands  5 and  7 princi- 
pally) offered  important  information  dealing  with  the  surface  hydrology,  complementing 
in  this  way  the  SLAR  interpretation. 


SLAR  IMAGES 


The  SLAR  coverage  was  flown  principally  to  get  a complete  instant  coverage  of  a high-water 
stage  at  a reasonable  scale  (original  strips  1:400  000;  strips  for  interpretation  and 
mosaics  at  1:100  000)  to  prepare  an  inundation  map.  The  acquisition  of  aerial  photographr 
of  such  a situation  is  almost  impossible  within  a reasonably  short  time  due  to  bad  weather 
conditions  of  the  rainy  season.  The  physiographical  and  hydrological  interpretations  of 
the  radar  were  supported  by  the  interpretation  of  the  aerial  photographs  (scale  1:10  000) 
taken  at  the  same  time  as  the  radar  images  and  by  previously  existing  aerial  photography  at 
at  different  scales.  LANDSAT  images  were  used  for  hydrological  information  within  the 
"cienagas 

The  principal  mapping  units  that  were  later  divided  into  physiographical  subunits  are  as 
follows: 

1.  Permanent  flooded  areas 

2.  Complex  of  permanent  flooded  areas  and  inundable  areas 

3.  Inundable  areas 

4.  Noninundable  areas  (within  the  alluvial  plain) 

5.  High-lying  areas 


THE  AERIAL  PHOTOGRAPHY  AT  1:10  000 


The  aerial  photography  serves  mainly  for  obtaining  quantitative  data  ori  changes  of  the 
water  volumes  stored  by  the  "cienagas"  by  photogrammetric  measurements.  For  this  purpose,  the 
same  strips  of  photographs  must  La  flown  during  a low-water  stage  (April  1975).  Relative 
altimetric  data  related  to  changes  in  water  level  will  be  obtained  from  the  large-scale 
photography,  while  changes  in  the  surface  of  the  "cienagas"  are  known  from  LANDSAT  data  or 
by  extraoolation  of  the  photodata  on  the  radar  imagery. 

Furthermore,  the  aerial  photography  supports  the  radar  interpretation  in  preparing  inter- 
pretational  keys  (i.e.,  differentiation  between  reed  and  grass  fields). 
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CONCLUSIONS 


Due  to  the  sequential  coverage,  the  LANOSAT  Images  are  actually  the  only  ones  that  give  a 
good  idea  of  the  dynamic  aspects  of  the  overall  water  situation  in  the  Lower  Magdalena-L;-  .a 
River  Basin.  The  Interpretation  of  drainage  conditions,  sedimentation  patterns,  and  'a"-  use 
also  gives  valuable  information  on  the  surface  hydrology  of  the  inundation  area. 

Images  give  quantitative  data  on  surface  changes  of  the  "cienagas,"  Important  In  the  ampufii- 
tlon  of  volume  capacities  in  combination  with  height  differences  obtained  from  lame-scale 
photography.  However,  a complete  physiographical  interpretation  to  obtain  a reli  map 
of  the  inundation  area  is  not  possible  on  LANDSAT  Images.  Considering  the  weather  conditions, 
radar  Is  the  only  alternative  and  also  provides  good  interpretability  of  physiographical 
features. 


REMOTE  SENSING  OF  MISSISSIPPI  RIVER  CHARACTERISTICS 
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The  Corps  of  Engineers,  Vicksburg  District,  initiated  a data  collection  program  to 
develop  a workable  knowledge  of  the  principles  relating  to  the  transport  of  water  and 
sediment  to  gain  a better  understanding  of  the  Mississippi  River  characteristics.  Aerial 
photographs  and  thermal  infrared  imagery  were  collected  over  two  test  reaches  at  low  and 
high  water  stages.  Qualitative  interpretation  of  the  data  relates  to  the  river  character- 
istics such  as  flow  patterns,  relative  velocities,  sediment  concentration  distribution, 
water-depth  effects,  and  effects  of  man  made  structures.  Ground  truth  information  is 
corrslated  with  the  remotely  sensed  data. 


INTRODUCTION 

Background. - Primary  responsibility  of  the  Vicksburg  District,  Corps  of  Engineers,  is 
to  provide  flood  control  for  the  Lower  Mississippi  River,  focused  on  the  maintenance  of 
levees  and  the  stabilization  of  a channel  which  will  safely  pass  flood  flows.  Secondary  tc^ 
the  main  effort  is  the  requirement  to  maintain  a channel  which  will  provide  the  required 
depth  and  alignment  for  navigation  of  the  river.  River  engineers  have  had  to  rely  primarily 
on  prior  experience  when  trying  to  align  and  stabilize  rivers.  Such  an  annroach  has  been 
necessary  because  of  the  dearth  of  adequate  information  collected  on  the  entire  river  system 
at  the  same  time.  This  is  due  in  a large  part  to  the  inability  to  "see"  a large  reach  of 
the  river  instantaneously  or  over  a small  time  interval. 

The  Potamology  Section  of  the  Vicksburg  District  initiated  a program  directed  toward 
developing  a workable  knowledge  of  the  principles  relating  to  the  transport  of  water  and 
sediment  in  an  effort  to  gain  a better  understanding  of  the  Mississippi  River  characteris- 
tics. In  1966  a comprehensive  data  collection  program  was  begun  on  selected  reaches  of  the 
river.  In  line  with  this  effort  a project  was  initiated  to  determine  the  feasibility  of 
utilizing  remotely  sensed  data  obtained  from  an  aerial  platform  to  improve  the  data  collec- 
tion process  when  combined  with  conventional  point  sampling  at  the  ground  level.  Colorado 
State  University  collected  the  remotely  sensed  data.  The  U.  S.  Army  Corps  of  Engineers 
collected  ground  truth  information.  Interpretation  and  correlation  of  the  data  were 
carried  out  jointly. 

Interpretation  of  visual  observations  by  man  are  dependent  upon  the  reflectance 
characteristics  of  the  scene  within  the  visible  portion  of  the  spectrum.  Additional  under- 
standing of  the  behavior  of  a river  can  be  obtained  by  looking  at  portions  of  the  spectrum 
other  than  just  the  visible.  Photography  and  imagery  obtained  in  the  visible  and  the 
infrared  regions  of  the  electromagnetic  spectrum  provide  a record  of  the  scone  of  interest. 
Qualitative  information  can  be  quickly  extracted  from  the  photography  and  imagery.  The 
objective  of  this  paper  is  to  provide  the  techniques  and  analysis  for  extracting  pertinent 
information  from  the  remotely  sensed  data  that  ca  i be  used  in  the  field  office. 

Scope  of  the  Project.-  The  general  scope  of  the  project  was  to  obtain  photographs  and 
thermal’  infrared  imagery  of  selected  reaches  of  the  Mississippi  River  in  the  Vicksburg 
District  and  to  interpret  and  extract  useful  information  from  such  records.  Qualitative 
interpretations  of  the  remotely  sensed  data  were  based  on  color  differences,  specular 
reflection,  and  grey  level  differences.  These  interpretations  were  related  to  river 
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characteristics  such  as  flow  pattern,  suspended  sediment  distribution,  exposed  sediment 
deposits,  erosion  patterns,  water  depths,  bed  forms,  effects  of  man-made  structures  on  the 
flow  and  sedimentation  patterns,  and  the  water  surface  temperature  patterns. 

Two  flights  were  flown  for  the  purposes  of  recording  the  variations  and  flow  character- 
istics present  in  the  river  at  low  water  stage  and  at  high  water  stage.  This  paper  deals 
primarily  with  the  results  from  those  two  flights  and  presents  photographs  to  show  some  of 
the  comparisons  between  the  low  water  and  high  water  stages.  Subsequent  to  these  a third 
flight  was  made  during  the  major  flood  of  1973  and  photographic  coverage  of  the  Mississippi 
River  from  Cairo,  Illinois,  to  the  mouth  of  the  Mississippi  Above  Head  of  Passes  (AHP)  was 
obtained.  Only  a small  amount  of  these  reiaotely  sensed  flood  data  have  been  analyzed  at 
this  time. 

The  Vicksburg  District  is  responsible  for  approximately  300  miles  (483  km)  of  the  lower 
Mississippi  River  between  river  mile  615  AHP  (Above  Head  of  Passes)  and  mile  320  AHP.  With- 
in this  reach  of  river  the  Potamology  Section  of  the  Vicksburg  District  selected  two  remote 
sensing  test  sites  in  the  vicinity  of  Vicksburg  as  shown  in  Fig.  1.  The  North  Site  is  near 
Lake  Providence,  Louisiana,  and  extends  from  approximately  mile  476.0  AHP  to  mile  494.0  AHP. 
Ihe  South  Site  is  near  Point  Pleasant,  Louisiana,  and  extends  from  approximately  mile  407.0 
AHP  to  mile  417.0  AHP. 


Data  Collection 

Considerable  advanced  planning  was  required  to  concentrate  the  boat  survey  crews  and 
schedule  the  aircraft.  A total  time  of  five  days  was  allocated  for  each  flight.  All  data 
had  to  be  collected  during  the  time  period  if  it  was  to  be  collected  at  all.  Therefore,  a 
concerted  effort  was  made  by  the  Survey  Branch  to  collect  the  data  simultaneously  with  the 
overflights  of  the  study  reach.  This  was  not  possible  in  every  case  because  of  inclement 
weather  conditions  at  times,  and  because  of  an  inadequate  number  of  survey  boats  available 
for  the  study,  and  because  of  the  rapid  data  acquisition  facilitated  by  the  aircraft. 

The  ground  truth  task  force  consisted  of  five  boats  in  each  study  reach.  Survey  crews 
collected  data  normally  obtained  during  their  regular  potamology  surveys. 

....Each  potamology  survey  of  a reach  provides  the  following  data: 

1)  Hydrographic  Survey;  2)  bed  form  profiles;  3)  surface  current 
directions;  4)  di.«charge  and  horizontal  velocity  distribution;  5) 
subsurface  current  directions;  6)  bed  material  samples;  and  7)  water 
surface  profiles.  The  data  collection  is  done  by  a potamology  task 
force  consisting  of  a sounding  party,  a discharge  party,  and  gage 
party (2) 

During  the  low  water  survey,  data  were  collected  with  a precision  mapping  camera, 
equipped  with  a 6 in.  lens  that  produces  a 9 in.  by  9 in.  photograph,  and  a thermal  infrared 
line  scanner  with  an  instantaneous  field  of  view  of  2.5  mi  1 liradians . The  instruments  were 
mounted  side  by  side  in  the  Colorado  State  University  twin  engine  research  aircraft.  Color 
infrared  photography  was  taken  with  the  mapping  camera.  The  thermal  infrared  line  scanner 
was  equipped  with  a mercury- cadmium- tel luride  detector  sensitive  in  the  spectral  region  from 
Sum  to  14ura  and  the  imagery  was  recorded  on  70mm  film. 

Prior  to  and  during  the  low  water  survey,  weather  conditions  were  the  result  of  a 
typical  occluded  frontal  system  whivh  remained  centered  between  Vicksburg  and  Greenville, 
Mississippi.  It  rained  during  every  day  of  the  survey.  Extensive  cloud  cover,  high 
hinidity,  and  wind  conditions  existed  over  both  the  north  and  south  test  sites.  The  air- 
borne data  were  collected  during  short  periods  of  partly  cloudy  sky  conditions.  Fairly 
wet  ground  conditions  prevailed  over  the  entire  area  and  in  many  cases  standing  water 
covered  a large  portion  of  the  flood  plain.  Due  to  the  weather  conditions  all  overflights 
and  ground  truth  measurements  could  not  be  accomplished  simultaneously.  Cloud  shadows  and 


extensive  overcast  conditions  seriously  affected  the  quality  of  aerial  photography  and 
induced  relatively  uniform  temperatures  at  the  surface  of  the  terrain. 

During  the  high  water  survey,  color  infrared  photograjrfiy  was  the  only  airborne  data 
recorded.  Weather  conditions  were  generally  good.  Scattered  clouds  were  encountered 
occasionally,  but  in  general,  clear  skies  prevailed. 


Data  Analysis  and  Interpretation 

Conventional  manual  interpretation  procedures  were  used  to  study  the  various  prints 
and  transparencies  of  the  photography  and  imagery.  Tlie  color  infrared  film  was  processed 
to  positive  transparency  and  the  thermal  infrared  imagery  was  processed  to  negative  trans- 
parency. The  film  was  viewed  on  a light  table  equipped  with  a magnifying  glass  and  a zoom 
stereoscope.  The  following  sections  describe  the  general  river  characteristics  observed, 
the  interpretative  keys  used  to  identify  them,  a discussion  of  the  ground  truth  and  a gen- 
eral discussion  of  the  observations.  Photographs  were  taken  at  several  altitudes,  but  the 
interpretation  is  based  mostly  on  photographs  with  a scale  of  1:20,000.  All  subsurface 
phenomena  were  deduced  from  the  features  observed  at  the  water  surface. 

Mosaics  of  the  test  reaches  provided  planimetric  characteristics  of  the  channel  that 
were  used  to  determine  the  pool  and  crossing  locations.  Areas  where  the  flow  impinged 
against  the  bank  or  where  excessively  wide  top  bank  exists  were  identified  as  potentially 
unstable  locations.  A wide  top  bank  indicates  a location  of  possible  bar  formation. 

Flow  Patterns  and  Velocities.-  Higher  velocity  flows  carry  higher  concentrations  of 
suspended  sediment.  Changes  of  concentration  of  suspended  material  change  the  reflectance 
at  the  surface  of  the  water  which  results  in  a change  in  color  of  the  water.  Color  is  the 
primary  key  to  observing  flow  patterns.  On  the  low  water  survey  there  appeared  to  be  a 
definite  relationship  between  water  color  indicated  on  the  color  infrared  film  and  suspended 
sediment  concentrations.  Clear  water  normally  was  a dark  blue  or  almost  black  color.  With 
increased  sediment  concentrations  the  water  color  changed  to  a lighter  blue  or  powder  blue 
color.  On  the  high  water  survey  this  relationship  did  not  hold.  The  color  was  altered 
apparently  by  variations  in  the  type  of  sediment  caused  by  overbank  and  tributary  inflows. 
These  inflow  areas  changed  the  silt-clay  content  and  the  amount  of  organic  matter  in  sus- 
pension and  floating  on  the  surface  which  in  turn  influenced  the  color.  However,  flow  pat- 
terns could  still  be  observed  by  changes  in  the  water  color.  Whenever  the  high  water 
inundated  an  island  or  overland  flow  entered  the  river  a mottled  pattern  with  a blue-green 
color  could  be  traced  on  the  water  surface  for  some  distance  downstream.  It  was  surmised 
that  the  mottled  pattern  was  a result  of  decaying  organic  material  floating  on  the  surface 
of  the  water  since  this  pattern  was  most  noticeable  downstream  of  flow  entering  from  wooded 
areas . 

Relative  velocities  are  inferred  from  the  flow  pattern  generated  at  the  surface  by 
observing  foam  lines,  color  differences  due  to  suspended  material  concentration  differences, 
or  films  on  the  water  surface.  Relative  velocities  of  confining  flow  c.an  be  judged  by  the 
lines  of  vorticity  developed  along  the  shear  zone.  High  velocity  flow  in  deep  sections  is 
evidenced  by  a coarse  pattern  in  the  specular  reflection  at  the  surface.  Wind  shear  can 
also  cause  specular  reflection  and  prudent  judgement  must  be  used  whenever  using  specular 
reflection  as  an  interpretative  key.  Slow-moving  water,  such  as  in  flooded  bondways,  can  be 
identified  by  the  relatively  smooth  water  surface  and  by  the  foam  and  floating  material  with 
no  distinct  pattern. 

Specular  reflection  indicated  the  portion  of  the  river  which  has  the  most  turbulence, 
the  highest  velocities  and  the  highest  sediment  transport.  Hydrographic  survey  data  have 
shown  that  the  portion  of  the  cross  section  with  the  greatest  water  surface  roughness  is 
also  the  area  carrying  the  highest  percentage  of  the  discharge.  This  portion  of  the  flow 
often  occupies  only  10%  to  A0%  of  the  total  v?idth,  but  in  many  cross  sections  it  carries  70% 
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to  80%  of  the  total  discherfe.  This  cell  of  high  velocity  flow  has  been  observed  at  all 
river  stages  inclining  the  flood  with  3a  (10  ft)  of  stage  over  top  bank.  An  exaaple  of 
this  flmr  concentration  cell  (above  the  thalweg)  is  shown  id  Pig.  2 which  is  a 3Sea 
^kotograph  taken  during  the  flood  in  April.  1973.  This  cell  spreads  out  over  60%  to  90% 
of  the  total  river  width  wherever  the  river  has  poor  alignaent,  i.e.  long  or  irregular 
radius  bends;  relatively  long  straight  reaches;  or  excessive  top  bank  width.  The  velocities 
are  reduced  over  the  greater  width  thus  reducing  the  sediaent  transport.  Subsequently, 
deposition  occurs  and  general  deterioratimi  of  the  river  cross  section  results.  Caving 
bs^s,  irregular  bank  lines,  uid  bars  begin  to  appear.  During  high  water  stages,  this  cell 
also  spreads  out  althou^  a dike  field  is  encountered.  During  high  stages,  the  dikes  seen 
to  act  as  roughness  eleaents  instead  of  flow  directors  thus  resulting  in  soae  reaoval  of 
sediaent  froa  the  dike  field. 

Water  Depth  Effects.-  Water  depth  near  sand  bars  can  be  inferred  froa  the  edge  geoaetry 
of  the  sand  bar.  A serrated  edge  on  a sand  bar  was  found  near  shallow  water  with  the  bed 
having  a saall  slope.  Serrations  are  the  result  of  ripples  on  the  dunes  and  are  randon  due 
to  the  deposition  of  sand  and  the  aovenent  of  the  ripples  across  the  bar.  Snail  isolated 
sediaent  deposits  that  were  observable  at  the  surface  of  the  water  were  associated  with 
shallow  depths.  The  water  tel^>erature  recorded  by  the  themal  infrared  line  scanner  were 
slif^tly  waraer  in  these  shallow  regions  in  the  latter  part  of  the  afternoon.  Relatively 
deep  water  was  observed  near  sand  bars  that  had  a soooth  edge.  In  these  areas  the  flow 
appeared  to  be  attacking  the  bar  causing  soae  erosion  of  the  toe  of  the  slope  of  the  bar  in 
tlw  vicinity  of  the  snooth  edge. 

The  relative  depth  of  the  water  near  an  exposed  sand  bar  could  be  inferred  also  froa 
the  interpretation  of  the  thermal  scanner  iaagery.  If  the  bar  has  a relatively  wide  band 
of  cooler  teiq>erature  around  the  edge,  the  bar  is  relatively  flat  indicating  that  the  water 
depth  near  the  bar  is  relatively  shallow.  If  the  bar  has  a thin  band  of  cooler  teaperature 
around  the  edge,  the  bar  has  a steeper  bank  indicating  the  water  depth  near  the  bar  is 
relatively  deep. 

Scour  Zones  and  StAsurface  Features.-  Potential  scour  zones  can  be  identified  by 
turbulence  observed  at  the  surface  of  the  water,  by  shear  zones  in  areas  of  coabining  flow 
or  at  the  boundaries  of  high  velocity  flow  enhanced  by  color  differences,  or  by  foam  that 
emanates  from  the  scour  zone.  Hydrographic  survey  maps  showing  river  bed  contours  con- 
firmed scour  zones  where  large  surface  vortices  developed,  such  as  in  the  vicinity  of  con- 
trol structures,  along  shear  zones  of  coabining  flow,  and  along  bank  lines  where  clay-plugs 
existed. 

Turbulence  and  circulation  patterns  observed  at  the  water  surface  can  be  used  to  locate 
subsurface  structures  and  large  bed  forms . The  boundaries  of  submerged  bars  are  enhanced 
by  a distinct  variation  in  the  scale  of  the  texture  of  the  specular  reflection.  The  pattern 
changed  from  saall,  closely  spaced  random  reflections  (for  shallow  water)  to  a larger 
"waffle  type"  appearance. 

Vegt  ition.-  Vegetation  is  one  of  the  ideal  parameters  for  detection  on  color  infrared 
photogriq>hy : most  living  vegetation  produces  some  tone  of  red.  Dead  vegetation  is  recorded 
as  a green  or  brown  color  on  this  film.  The  vegetative  cover  also  can  be  identified  on 
thermal  infrared  imagery;  vegetation  generally  appears  cool  on  the  daytime  imagery. 

Species  identification  of  certain  trees  is  feasible  using  color  infrared  photography. 
The  characteristics  of  color,  texture,  shape  and  association  must  be  employed  to  facilitate 
the  correct  identification  and  to  develop  the  interpretative  keys  needed  for  a given  region. 
Tree  species  and  maturity  aid  in  identifying  the  direction  of  meander  of  the  river. 

Interpretation.-  Photographs  of  one  segment  of  each  test  reach  are  presented  in  this 
paper.  These  segments  are  in  the  vicinity  of  Range  486.4  in  the  North  Site  and  Range  41.3.2 
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in  the  South  Site.  Other  {Aotographs  of  the  study  areas  can  be  fotmd  in  Refs.  (1)  and  (2) 
along  with  an  interpretation  and  discussion  of  the  photographs  and  ground  truth. 

Range  486.4.-  Range  486.4  at  low  water  stage  (July  3.  1971)  is  shown  in  Fig.  3.  Flow 
is  fron  Te#t  to  right.  Ben  Lomond  vane  dikes  are  the  straight  white  lines  near  the  center 
of  the  river.  The  dark  mottled  pattern  on  this  photograph  is  due  to  cloud  shadow.  Tones  of 
blue  of  the  water  surface  in  this  reach  are  deceiving  because  of  the  cloud  cover  at  the  time 
of  exposure  which  masks  any  color  differences  which  might  normally  be  observed  in  the  photo- 
grt^.  In  addition,  the  wave  action  caused  by  wind  produces  excessive  specular  reflection 
and  masks  some  of  the  color  of  the  water  surface.  Even  with  these  distractions,  some 
information  can  be  gleaned  from  the  photograph. 

Turbulence  can  be  observed  at  the  water  surface  near  the  upstream  and  downstream  end 
of  each  of  the  dikes.  The  turbulence  generated  by  the  dikes  assists  in  observing  the  flow 
pattern  through  this  dike  field.  A large  lateral  flow  conqwnent  can  be  detected  at  about 
45*  from  the  down-channel  direction  through  these  guide  vanes.  This  flow  is  most  easily 
detected  between  the  last  two  downstream  dikes.  Scour  can  be  expected  to  occur  in  the 
vicinity  of  the  observed  turbulence.  The  scour  is  confirmed  by  the  hydrographic  surveys. 

The  bed  topography  in  the  vicinity  of  this  range  is  superimposed  on  the  photograph  of  Fig.  3 
and  is  presented  in  Fig.  4.  The  straight  vertical  line  is  the  range  line. 

The  direction  of  the  flow  and  the  condition  of  the  dikes  can  be  assessed  from  this 
photogra{dt.  Water  is  flowing  over  and  through  the  upstream  sections  of  the  last  three  dikes 
indicating  loss  of  dike  material  in  these  areas  and  potential  failure  zones. 


The  exposed  sand  bar  in  the  left  channel  assists  in  determining  the  shoaling  areas  in 
this  channel.  The  sand  bar  is  the  result  of  deposition  behind  a large  transverse  dike  at 
Range  487.4.  The  transverse  dike  extends  from  the  left  bank  of  the  river  but  cannot  be  seem 
in  this  photograph. 

To  the  left  of  the  shoaling  region,  near  the  left  bank,  turbulence  at  the  surface  is 
also  evident.  A constricted  flow  region  can  be  observed  near  the  left  bank.  Scour  can  be 
expected  in  the  vicinity  of  this  turbulence  and  is  detected  by  the  hydrographic  survey. 

Surface  sediment  concentrations  and  temperatures  were  obtained  simultaneously  with 
the  exposure  of  this  photograph.  Near  surface  sediment  and  temperature  samples  were  col- 
Ircted  by  dipping  a bucket  into  the  water  and  then  sampling  that  grab  sample  on  the  deck  of 
the  survey  boat.  Accuracy  of  this  sampling  method  is  questionable.  But  this  photograph 
was  one  of  the  few  when  samples  could  be  collected  at  the  time  of  the  overflight.  The 
saiq>les  obtained  by  the  survey  boats  indicated  relatively  uniform  sediment  concentrations 
occurred.  The  maximum  difference  in  suspended  sediment  concentrations  was  only  9 ppm. 

The  blue-grey  color  observed  in  the  channel  to  the  right  of  the  dikes  is  relatively  uniform 
in  the  cloud-free  section.  Differences  in  color  can  be  detected  in  the  left  channel,  but 
interpretation  is  questionable  because  of  the  wind  waves  and  cloud  shadows. 

The  thermal  infrared  imagery  for  this  area  in  the  vicinity  of  Range  486.4  is  shown  on 
Fig.  5.  The  imagery  shows  a uniform  grey  level  across  Range  486.4.  The  temperatures 
measured  by  the  boat  crews  agree  with  this  observation  indicating  a maximum  difference  of 
O.S*C.  The  imagery  indicates  relatively  uniform  temperatures  throughout  the  reach  with  two 
noticeable  exception^  : along  the  left  bank  upstream  of  the  bar  near  the  transverse  dike, 
a cooler  (darker)  water  area  can  be  seen;  a warmer  (light  grey)  water  area  is  identified 
along  the  left  downstream  portion  of  the  bar.  Water  temperatures  were  not  obtained  at  these 
locations  and  the  magnitude  of  the  temperature  difference  is  not  known.  The  warmer  water 
area  corresponds  to  a shallow  water  region.  The  cause  of  the  cooler  water  area  is  unknown. 

A photograph  of  the  high  water  stage  at  Range  486.4  is  shown  in  Fig.  6.  A higher 
velocity  zone  exists  in  the  right  portion  of  the  channel  and  is  interpreted  from  the  tur- 
bulence pattern  enhanced  by  coarse  textured  specular  reflection.  The  coarse  specular 
reflection  observed  over  the  transverse  dike  on  the  photograph  (not  included)  adjacent  to 
Fig.  5 indicated  that  there  is  flow  in  the  left  portion  of  the  channel.  Thus,  the  flow  cell  is 
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spread  out  over  a large  portion  of  the  channel.  Very  little  color  variation  is  evident 
across  Range  486.4  which  indicates  a relatively  unifom  .surface  sediment  concentration. 
However,  based  upon  the  interpreted  velocity  distribution,  a high  bed  transport  is  expected 
in ^the  higher  velocity  zone  of  the  right  channel.  Analysis  of  the  suspended  sediment 
Samples  indicates  concentrations  near. the  surface  were  relatively  uniform.  Overall  sand 
concentrations  of  over  200  p;m  were  found  in  the  right  section  and  less  than  100  ppm  in  the 
left  section  of  the  channel. 

The  difference  in  the  flow  patteins  at  low  water  stage  and  high  water  stage  can  be 
observed  by  comparing  Fig.  3 and  Fig.  6.  Distinct  velocity  components  to  the  left  at 
approximately  45”  from. the  downstream  direction  were  predominent  in  the  vicinity  of  the 
guide  vanes  at  low  water  stage  (Fig.  3).  This  lateral  flow  results  from  spill  through  the 
guide  vanes  and  is  somewhat  analogous  to  flow  through  a side  channel  spillway. 

The  guide  vanes  are  completely  submerged  at  the  high  water  stage  (Fig.  6).  No  lateral 
component  of  flow  is  evident.  There  is  little  evidence  on  the  water  surface  to  indicate  the 
presence  of  the  guide  vanes.  The  flow  appears  to  have  spread  out  over  a major  portion  of 
the  channel  width. 

Range  413.2.-  Range  413.2  is  shown  on  Fig.  7.  This  particular  photograph  is  one  of  the 
most  interesting  acquired  during  the  study.  The  shear  zone  that  exists  along  the  boundary 
between  the  two  recoid>ing  flows  downstream  from  the  bar  formation  is  enhanced  by  the  large 
clockwise  circulations  whi(±  initiate  at  the  tip  of  the  island  and  grow  in  size  in  a down- 
stream direction.  The  growth  of  spacing  and  size  of  the  individual  circulations  is  quite 
uniform.  The  characteristic  shape  of  the  eddies  observed  in  this  shear  zone  is  similar  to 
those  observed  by  Brown  and  Roshko  (3)  on  a smaller  scale  In  the  mixing  zone  between  two 
confining  air  flows  of  different  velocities.  It  is  intuitive  that  the  eddies  should  extend 
to  the  bed  of  the  channel  and  this  is  evident  by  looking  at  the  contours  of  the  bed  shown 
on  Fig.  8.  The  shear  zone  coincides  with  the  deepest  section  of  the  channel  in  this  range. 
The  flow  in  the  left  channel  is  interpreted  as  being  of  a higher  velocity  than  that  in  the 
right  channel  with  the  interpretation  based  upon  the  direction  of  the  vortices  in  the  shear 
zone.  Velocities  measured  by  the  boat  surveys  confirm  that  the  flow  in  the  left  channel  is 
slightly  faster  than  the  flow  in  the  right.  The  slightly  lighter  color  of  the  left  channel 
indicates  a slightly  higher  suspended  sediment  concentration  in  that  channel.  Sediment 
samples  show  average  concentrations  of  283  ppm  in  the  left  channel  and  146  ppm  in  the  right 
channel  at  Range  413.2. 

Examples  of  different  vegetation  can  be  seen  on  the  color  infrared  photograph  in  Fig.  7. 
The  regular  pattern  seen  on  the  left  bank  is  an  area  that  has  been  cleared  and  replanted 
kith  a crop  of  trees.  Drainage  patterns  are  also  observed  within  this  cleared  and  refor- 
ested areas.  The  drainages  are  the  approximately  parallel  lines  detected  throughout  the 
field.  The  rip- rap  along  the  right  bank  is  delineated  and  those  areas  where  vegetation  is 
growing  in  the  rip-rap  can  be  identified  readily  by  the  red  color. 

The  small  erabayment  area  at  the  downstream  tip  of  the  island  appears  to  be  an  example 
of  an  erabayment  mouth  filling  with  sediment.  The  small  embayment  shows  a wide  range  of 
blue  colors  from  a dark  blue  to  a grey  blue.  The  dark  blue  interpreted  as  relatively  clear 
water  and  the  grey  blue  as  sediment  laden  water.  Fingers  of  sediment  laden  water  can  be 
seen  entering  the  embayment  and  mixing  with  the  clear  water.  The  sediment  appears  to  settle 
out  and  deposit  near  the  mouth  of  the  embayment.  There  is  a circulation  set  up  with  grad- 
ually decreasing  sediment  concentration  moving  in  a clockwise  direction  within  the  embayment 
as  indicated  by  the  color  change. 

Examples  of  a serrated  bar  boundary  and  of  a smooth  bar  boundary  can  be  seen  in  the 
left  chute  channel  above  Range  413.2.  The  deepest  section  of  the  channel  is  interpreted 
as  being  near  the  right  bank  of  the  chute  channel  because  of  the  smooth  boundary.  In  addit- 
ion some  turbulence  is  evident  immediately  adjacent  to  the  right  bank  which  indicates  high 
flow  velocities  and  a potential  scour  zone.  Shallower  water  exists  near  the  downstream  por- 
tion of  the  left  bank  as  indicated  by  the  serrated  edge  along  the  bar.  The  bed  topography 
shown  on  Fig.  8 bears  out  this  interpretation. 


The  high  water  stage  at  Range  413.2  is  shown  in  Fig.  9.  The  shear  zone  between  the 
recoBibining  flows  downstream  from  the  bar  is  still  evident  at  this  stage.  The  tui4>ulence 
patterns  observed  at  the  surface  of  the  water  appi-oach  the  right  bank  as  the  flow  continues 
downstream.  Very  little  surface  disturbance  can  be  observed  at  other  sections  in  this  area. 
The  convergence  of  the  stream  lines  and  the  turbulence  indicates  higher  velocities  exists 
in  the  flow  zone  near  the  right  bank  downstream  from  Range  41.3.2.  This  velocity  distribu- 
tion is  confirmed  by  ground  truth  measurements  made  in  the  constricted  section  of  the  chan- 
nel near  Range  412.2.  The  velocities  measured  at  four  points  approximately  equally  spaced 
from  left  to  right  across  the  channel  were  5,  6,  9,  and  10  fps,  respectively.  The  color  of 
the  water  does  not  vary  appreciably  across  this  range,  thus  Indicating  a relatively  uniform 
suspended  sediment  concentration.  Sediment  concentrations  measured  at  the  four  velocity 
points  are  240,  241,  264,  and  230  ppm  and  confirm  the  interpretation. 

A flow  pattern  can  be  distinguished  in  the  left  part  of  the  channel  downstream  from 
Range  413.2.  This  pattern  emanates  from  the  downstream  end  of  a large  submerged  bar  which 
can  be  seen  on  the  low  water  photograph  of  Fig.  7. 

There  is  a similarity  of  flow  patterns  between  the  low  water  stage  (Fig.  7)  and  the 
high  water  stage  (Fig.  9).  The  chute  flow  has  higher  velocities  and  there  is  a convergence 
of  the  flow  in  the  right  portion  of  the  channel  downstream  from  the  bar. 


SUMMARY  AND  CONCLUSIONS 

Aerial  infrared  photography  and  thermal  infrared  imagery  for  this  study  were  obtained 
over  two  selected  reaches  of  the  Mississippi  River.  Interpretation  of  the  photography  and 
imagery  were  performed  to  identify  river  characteristics  pertaining  to  the  flow,  sediment 
concentration  and  geometry. 

Color  infrared  photography  and  thermal  infrared  imagery  from  an  aircraft  platform  a^e 
effective  for  acquiring  detailed  spectral  information  of  the  water  surface  over  extensive 
reaches  of  rivers  at  a very  rapid  rate.  The  remotely  sensed  data  coupled  with  ground  truth 
data  can  give  an  overview  of  large  rivers  that  can  be  used  for  maintainance  and  design. 
Subsurface  phenomena  can  be  deduced  from  features  observed  at  the  water  surface.  Surface 
flow  patterns  are  evident  on  all  types  of  photography,  but  color  infrared  photography  is 
most  effective  where  suspended  material  concentration  differences  exist.  Shear  zones, 
mixing  zones,  regions  of  high  velocity  flow,  slack  water  areas  and  localized  flow  patterns 
can  be  identified.  The  effect  of  man-made  structures  on  the  flow  patterns  is  identifiable. 
Specular  reflection  indicates  the  portion  of  the  river  that  has  the  most  turbulence,  the 
highest  velocities  and  the  highest  sediment  transport.  When  using  specular  reflection  as 
an  interpretative  key,  prudent  judgement  must  be  exercised. 

A 1:20,000  scale  provided  sufficient  detail  for  interpretation  of  flow  patterns.  A 
qualitative  evaluation  of  the  sediment  transport  and  flow  can  be  made  at  a given  stage 
based  upon  flow  patterns  at  the  surface,  the  local  boundary  geometry,  and  the  overall 
geometry.  Mosaics  of  color  Infrared  prints  for  reaches  of  the  river  are  very  useful  for 
establishing  the  planimetric  characteristics  of  the  channel,  evaluating  the  overall  effect 
of  structures,  observing  the  pool -crossing-pool  sequence,  locating  sources  and  sinks  of 
sediment,  and  documenting  and  evaluating  the  general  behavior  of  the  river.  As  flow  stage 
changes,  the  shifting  of  the  thalweg  can  be  identified. 

The  conditions  observed  in  this  study  are  for  a single  set  of  flow  relationships  for 
each  flight  and  the  overall  picture  changes  with  different  sets  of  flow  conditions.  The 
goal  is  to  extrapolate  this  and  other  information  to  a different  set  of  flow  conditions,  to 
predict  and  identify  changes  in  the  navigation  channel  and  to  identify  potential  problem 
areas  during  floods.  This  study  is  an  initial  step  toward  interpretation  of  river  charac- 
teristics and  It  should  be  recognized  that  there  Is  a need  to  quantify  some  of  the 
observed  features  as  related  to  river  characteristics. 
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(hiring  floods,  the  river  should  be  flow.i  at  frequent  intervals  and  the  data  used  to 
extend  nininal  ground  truth,  thereby  getting  continual  coverage  of  the  entire  river  over 
the  entire  hydrogra{di.  This  would  allow  n trained  observer  to  predict  changing  conditions 
and  to  anticipate  problem  areas  faster  than  is  possible  with  present  techniques.  This 
could  minimize  the  need  for  ground  data,  indicate  problem  areas  in  which  to  concentrate 
surveys,  release  survey  crews  for  work  in  other  areas  and  save  money. 
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APPLICATION  OF  THKRflAL  SCANNING  TO  Tiit  STUDY  OF  TRANSVLRSfc  MIXING  IN  RIVERS  , W-11 


By  J.  Way land  Eheart,  University  of  Wisconsin,  Madison,  iVisconsin 

ABSTRACT  N76~17S98 

Remote  sensing  has  shown  itself  to  be  a valuable  research  tool  in  the  study  of  trans- 
verse mixing  in  rivers.  It  is  desirable,  for  a number  of  reasons,  to  study  and  predict  the 
two-dimensional  movement  of  pollutants  in  the  region  just  downstream  of  a pollutant  dis- 
charge point.  Khile  iiiany  of  the  more  common  pollutants  do  not  exhibit  a spectral  signature, 
it  was  shown  that  the  temperature  difference  between  the  pollutant  and  the  receiving  water 
could  be  successfully  exploited  by  applying  a mathematical  model  of  mass  transport  processes 
to  heat  transport,  and  testing  and  calibrating  it  with  thcrnal  scanning  data. 


I.NTRODUCTION 


When  a pollutant  is  discharged  from  a bank  outfall  into  a river,  it  frequently  happens 
that  complete  cross-sectional  mixing  does  not  occur  for  a number  of  kilometers.  Resultant 
zones  of  high  local  pollutant  concentration,  unaccounted  for  by  existing  onc-dinicnsional 
prediction  and  rcanageii.ent  techniques,  can  have  effects  on  the  aquatic  ecosystem  above  .and 
beyond  those  resulting  from  the  cross-sectional-average  concentrations.  In  order  to  evali;ate 
the  effects  of  such  regions  of  high  local  concentrations,  it  is  neces.sary  to  know,  either  by 
accurate  prediction  or  by  measurement,  the  ccnccntratior  distribution  in  two  or  tlirec 
dimensions.  For  wide,  shallow  rivers  of  the  sort  usually  found  in  densely  populated  areas, 
complete  vertical  mixing  may  usually  be  assumed  to  have  occurred  within  tlic  first  few  meters 
downstream  of  the  outfall.  In  such  cases  a two-dimensional  approach,  is  often  deemed  adequate. 

During  the  summer  of  1D74,  a project  was  undertaken  by  the  members  of  the  Remote  Sensing 
group  at  the  Univcr.sity  of  Wisconsin,  under  the  sponsorship  of  the  National  Aeronautics  anc! 
Space  Administration,  to  determine  and  predict  the  two-dimensional  concentration  distribution 
of  BOD  (Biochemical  u.xygen  Demand),  resulting  from  the  eff Inert  discharge  of  the  Sewage 
Treatment  facility  at  Janesville,  Viscensin.  The  BOD  problem  was  chosen  because  it  is  aivcng 
the  most  ubiquitous  faced  by  water  resources  planners.  The  dissolved  oxygen,  prcblen;  asso- 
ciated with  the  BOD  problem  wa.s  not  studied,  due  to  the  overpowering  effects  of  algal  oxigcn 
production  at  the  Janesville  site. 

A mathematical  model  was  developed  to  simulate  thn  movement  cf  the  FOD  pollutant  in  tlie 
two  horizontal  dimensions.  The  model,  presented  in  the  .Appendix,  consisted  of  a series  cf 
mass  balances  on  each  cf  a two-dimensional  array  of  small,  contiguous,  approximately  trape- 
zoidal elements,  whose  vert  cal  dimension  was  the  local  depth  cf  the  river,  it  yielded 
values  cf  time-averaged  depth  averaged  EOD  concentrations  as  a function  of  lateral  and 
longitudinal  distance  from  an  arbitrary  point,  and  required  prior  knowledge  of  the  depth'  and 
velocity  patterns  of  the  river,  as  well  as  the  concentration  profile  at  an  upstream  bcunriar>’. 
Two  assumptions  upon  which  the  model  was  based  arc  of  importance  to  remote  sensing  api'lications 

1.  That  full  mixing  occurred  i:;  the  vortical  direction. 

2.  That  the  system  was  at  steady  .state. 

The  seeming  contradiction  between  the  latter  of  these  assumptions  .and  the  preceding  reference 
to  the  time-smoothed  nature  of  the  simulatea  concentration  warrants  cxplanaticn.  Under  normal 
circumstances,  flow  in  a river  is  turbulent,  resulting,  at  a fixed  point  in  tne  river,  in 
short,  abrupt  changes  in  the  nagnitude  and  direction  of  flow  velocity,  and  thus  in  the  con- 
centration of  any  substance  which  is  introduced  into  the  channel.  The  model  was  developed 
to  predict  time-smoothed  values  of  concentration,  on  the  assumption  that  the  concentration 
and  velocity  at  a point  fluctuated  rapidly  and  randomly  about  a time-invariant  mean.  The 
period  of  time  over  which  it  was  necessary  to  average  instantaneous  values  in  order  to  obtain 


meaningful  values  for  the  means  by  tic’e-averaging  was  estimated  at  about  five  minutes  for 
the  Janesville  site. 

Itte  model  was  calibrated  by  taking  water  samples  at  various  locations  in  the  river  from 
which  BQD.  c<mcentrations  were  determined,  and  adjusting  the  model  parameters  to  obtain  the 
best  lit  of  predicted  concentrations  with  experimental  data.  Hie  problem  facing  the  experi- 
menter was  one  of  taking  individual  samples  and  other  measurements  over  a period  of  time 
sufficiently  long  to  smooth  cut  random  fluctuations  while  at  the  same  time  taking  all  required 
data  in  a period  of  time  sufficiently  short  to  avoid  the  effects  of  long-term  changes  in 
river  flow  patterns  and  effluent  discharge.  It  was  felt  that  remote  sensing  might  lend 
itself  to  the  solution  of  this  data-collection  problem. 

As  is  well  knowit,  BUD  is  a measure  of  the  oxygen-demanding  capacity  of  a frequently 
varying  mixture  of  organic  substances  and  has  no  spectral  signature.  It  was  proposed, 
therefore,  to  apply  the  mass  transfer  model  to  heat  transfer,  and  to  measure  local  temperatures 
by  themal  scanning.  The  temperature  of  sewage  effluents  usually  differs  from  that  of  the 
receiving  water,  being  cooler  in  the  summer  and  warmer  in  the  winter.  Assumption  1,  above, 
meant  that  surface  temperatures  were  representative  of  the  temperature  over  the  depth  of  the 
river  at  a given  point.  This  assumption  was  confirmed  by  field  measurements  of  temperature 
with  a thermistor  probe.  The  most  significant  obstacle  tc  the  use  of  airborne  thermal  scanning 
techniques  was  that  they  measure  essentially  instantaneous  values  of  temperature,  and  thus  do 
not  perform  the  time- smoothing  operation  mentioned  above.  An  attempt  was  made  to  overcome 
this  problem  by  making  several  scanning  passes  and  smoothing  the  resulting  data. 


tXPERIMENTAL  PROCEDURE 


Two  field  surveys  are  referred  to  in  this  paper.  During  the  first,  on  21  August  1974, 
BCD  concentration  data  were  taken  by  conventional  sampling  techniques.  During  the  second, 
on  26  October  1974,  temperature  data  were  taken  by  thermal  scanning.  The  thermal  scanning 
system, shown  in  Fig.  1,  consisted  of  an  airplane  operated  by  the  Wisconsin  Department  of 
Natural  Resources,  equipped  with  a thential  scanner  owned  by  the  University  of  Wisconsin  and 
operated  by  personnel  of  both  institutions.  The  thermal  scanning  data  were  recorded  on 
analog  tape  aboard  the  aircraft.  The  taped  analog  data  were  then  converted  to  digital  dat.i 
at  disciete  points  at  equal  increrrents  of  angular  displacciucnt  on  scan  lines.  These  were 
stored  on  computer-compatible  tapes,  and  were  in  turn  converted  to  36-level,  single  character 
digital  data.  These  results  were  printed  on  standard  132-character  computer  paper  in  such  a 
manner  that  five  computer  sheets  were  laid  side  by  side  to  reconstruct  the  thermal  "map", 
with  the  result  that  each  scan  line  was  represented  by  660  characters.  A small  portion  of 
such  a map  is  presented  in  Fig.  2.  It  was  not  possible  to  locate  ground  points  accurately 
by  any  commonly  used  rectilinearization  technique.  The  effluent  plume  was  confined  to  a 
band  between  40  and  80  feet  wide  along  the  right  bank  of  the  river;  the  accuracy  requirement 
was  thus  ver>'  great.  There  was  an  additional  problem  with  aircraft  crab  and  nonlinearity  of 
flight  line.  Ihe  location  of  cross-sections  where  velocity  and  depth  data  were  taken  was 
thus  determined  by  landmarks.  The  warming  effects  of  the  morning  sun  resulted  in  the  very 
clear  location  of  the  right  (west)  bank  and  each  of  a row  of  houses  along  the  left  bank. 
Tangential  distortion  was  corrected  for,  but  was  not  of  significance  for  most  of  the  sampling 
locations,  which  were  situated  within  10*  of  the  nadir  line. 

Foints  were  picked  off  of  these  maps  for  each  of  the  crcss-sections  where  depth  and 
velocity  data  were  taken,  and  for  each  of  the  scanning  passes.  These  data  for  the  three 
passes  were  combined  and  converted  into  plots  of  temperature  vs.  distance  from  the  right 
bank.  This  was  assumed  to  represent  a plot  of  a sufficient  number  of  instantaneous  data 
points  to  establish  the  time-averaged  lateral  temperature  profiles  by  drawing  a smooth  curve 
through  the  band  of  data.  The  time-averaged  data  at  the  first  cross-section  were  entered  as 
boundary  conditions  f^'r  the  model,  the  model  was  run  for  different  parameter  values,  and  the 
parameter  value  for  wnich  the  predicted  data  best  fit  the  observed  data  was  chosen  as  optimal. 
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RESULTS 


Tabu  I contrasts  the  remote  sensing  method  with  the  conventional  method.  The  parameter 
K>  which  is  a measure  of  the  degree  to  which  turbulent  mixing  occurs,  was  evaluated  by  the 
trial >and-error  technique  described  above  for  data  collected  both  ways.  There  is  a statistical 
technique,  outlined  in  reference  1,  by  which  a confidence  interval  for  the  parameter  may  be 
estimated  from  data  generated  during  the  parameter  search.  The  90%  confidence  interval  for 
the  parameter  evaluated  from  conv^tionally  obtained  data  greatly  exceeds  that  for  the 
roaote  sensing  data.  The  primary  reason  for  this  difference  is  the  difference  in  the  number 
of  data  points  obtained.  Tlie  confidence  interval  for  K is  to  be  construed  as  a lower  bound 
of  the  true  confidence  interval,  and  does  not  reflect  such  errors  as  model  bias,  and  errors 
in  determining  values  of  depth  and  velocity.  It  serves  to  illustrate,  however,  the  advantages 
of  bringing  remote  sensing  to  bear  on  problems  involving  a copious  data  requirement. 


TABLE  I.-  COMPARISON  OF  CCWVENTIWAL  AND  REMOTE  SENSING  SAMPLING  TECHNIQUES 


Method 

Optimal  K 

90%  Confidence  Interval 

No.  Points 

for  K l approximate) 

Observed 

Conventional 

0.06 

greater  than  (0,  .20) 

37 

Remote  Sensing 

0.11 

(0.10,  0.13) 

427 

SIMPLER  TECHNIQUES 


The  analysis  of  data  described  above  was  undertaken  primarily  for  the  purpose  of  modpl 
testing  and  parameter  evaluation.  However,  in  many  cases,  temperature  may  be  used  as  a 
tracer  for  BOD  and  other  pollutants  by  exploiting  the  relationship 

T - ?b  C - Cb 

T(j  * Tb  Co  - Cb 

where  T refers  to  temperature  at  any  point  in  the  river,  C refers  to  concentration  at  the 
same  point,  Tb  and  Cb  refer  to  the  background  temperature  and  concentration,  respectively, 
and  Tq  and  C^  refer  to  the  temperature  and  concentration  of  the  outfall,  respectively. 

The  use  of  this  relationship  requires  siirultancous  ground  measurements  of  background 
and  outfall  concentration  and  temperature.  It  further  requires  that  both  constituents  be 
assumed  conservative,  i.e.  that  neither  heat  nor  mass  are  lost  from  the  system.  In  the  work 
referred  to  above,  it  was  empirically  determined  that  both  constituents  could  be  assumed 
conservative,  due  to  relatively  short  length  of  the  section  of  river  studied. 

When  either  heat  or  mass  is  lost  (or  gained),  the  above  relationship  does  not  hold.  In 
such  cases,  a mathematical  model  like  the  one  referred  to  above  may  be  calibrated  with 
temperature  data,  and  then  applied  to  a chemical  constituent,  as  long  as  the  decay  or 
production  behavior  of  each  is  known. 


suM?i.'\py 


Remote  sensing  may  be  effectively  applied  to  the  development  of  niathcn,atical  trodels  for 
the  two-dimensional  movement  of  pollutants  which  do  not  t.xnilit  a spectral  rignaturc.  iuch 
application  may  be  construed  a.s  an  indirect  means  of  expediently  measuring  ccncintraticns  of 
such  pollutants.  Whether  so  con.strued  or  not,  remote  sensing  has  proven  to  be  a valuable 
research  tool  in  the  development  of  such  models. 
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FIGURE  1.-  UNIVERSITY  OF  KiSOKSIN  THERMAL  SCANNING  SYSTEM 
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MAliini/'TIC/l  MOl.EI.  FOF  TliL  TWO -DIMENSIONAL  MCVEMEM  OF  POLLin'ANTS 
IN  A RIVER  WHERE  COMPLETE  VERTICAL  MIXINC  IS  ASSUMED 


The  model  is  based  on  a mass  balance  on  a trapezoidal  prism,  two  of  whose  faces  lie  on 
> I streanlints,  and  two  of  whose  faces  are  approximately  perpendicular  to  these  streamlines 

^ / I (sec  Fig.  A.l).  Mechanisms  considered  for  the  net  accumulation  of  mass  in  the  prism  are 

advection,  turbulent  (eddy)  diffusion,  and  source/sink  activity.*  Only  turbulent  diffusion 
is  assumed  to  transport  material  across  the  prism  faces  lying  alcng  streamlines,  and  only 
advection  is  assumed  to  transport  material  across  the  perpendicular  faces. 

p,  ] The  mas.s  balance  may  be  written,  with  some  rearranging  of  terms,  as: 

"li.j^i.j  * ^4i,j^i-l,j  * ^5i,j^i,j-l  ♦ “ 0 

where  C.  . refers  to  concentration  or  temperature  at  point  i,j,  and 

A..  . » U.  , .H.  , .l)Y.  , . 

4l,j  1-1, j 1-1, j 1-1, j 

A,.  . = -U.  .11.  .l)Y.  .-A,.  .-A..  . 

H.J  i.J  i.J  i.J  3i,j  5i,j 

''i.j  = S PX.  .DY.  .11.  . 

I.J  I.J  I.J 

The  terms  appearing  in  the  above  definitions  of  Aj,  A.,  and  A^  arc  defined  as  follows: 

IF  ^ is  the  depth  .at  point  i,j 

E.  . is  the  cepth-averaged  velocity  at  point  i.j 
. J 

DX.  . is  the  length  of  the  trapezoid  face  in  the  downstream  direction  at  point  i,j 

I'/Y.  . is  the  length  of  the  trapezoid  face  in  the  direction  from  the  right  bank  to 
the  left  bank  at  point  i,j 

k is  tl’.e  diffusion  par.amcter.  and  is  held  constant  for  a given  model  rim 


S is  the  net  addition  per  unit  volume  of  heat  or  mass  resulting  from  sourcc/sink 

activity,  and  may  be  dimensioned  or  undimer.sioncd.  For  all  the  work  referred 
to  in  this  paper, it  was  set  equal  to  zero. 

The  subscript  i takes  on  values  0 to  m,  and  the  subscript  j takes  on  values  0 to  n. 

Ihc  boundary  conditions  are  defined  as  follows: 

1.  At  i=0,  C-  . is  known  for  all  j 

J 

2.  .At  j = 0,  C.  , • C.  for  all  i** 

3.  .At  j=n-l,  for  all  i** 

Boundary  conditions  2 and  5 state  that  the  normal  flux  of  heat  or  mass  at  the  barks  is 

zero.  These  arc  superfluous  if  H.  „ and  li.  arc  zero  for  all  i. 

‘ 1,0  i,n 

■*e.g.  decay  by  chemical  reaction,  heat  or  mass  transfer  with  air  or  bottom. 

**In  practice  these  conditions  .are  accounted  for  in  the  model  witliout  identifying  or  creating 
Values  for  C.  or  C-  ,,  by  making  approjriate  changes  in  A-  and  A , or  A-  and  Ai- 

:3Z£ 


V =■ 


f • ^ 

'~k 

4 


V 


The  n-1  values  of  C for  i«0  are  specified  as  a boundary  condition.  The  n-1  equations 
for  i«l  are  solved  siicultaneously  for  all  C.  . by  gauss  elimination,  treating  terms  A.,  .C_  . 
as  constants.  In  a stepwise  manner,  the  n-I'iquations  for  each  succeeding  i arc  solvta'^ 

for  C.  ,,  treating  the  terms  A,,  .C,  , .as  constants. 

‘ii.J  i-l.j 
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SURVEYS  IK  THE  CHOPTANK  RIVER 
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Dr.  Philip  Cressy,  Earth  Resources  Branch  NASA/GSFC,  Greenbelt,  Maryland, 
and  William  C.  Dallam,  General  Electric  Company,  Beltsville,  Maryland 
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Computer  processing  of  LANDSAT-l^  multispectral  digj.cal  data  demonstrated  the  applica- 
bility of  remotely  sensed  data  tr>  water  quality  survey  in  the  choptank  River.  Water 
classes  derived  by  automated  analysis  correlate  to  river  nuisance  levels  of  chlorophyll  a 
and  s diment  loading  as  defined  by  the  Maryland  Department  of  Water  Resources  and  the  U,  S. 
Corps  of  Engineers.  Results  indicate  that  an  increase  in  chlorophyll  a concentration 
corresponds,  relative  to  MSS  f,  to  decreases  in  4 and  increases  in  6 relative  to  the  trends 
\;i..h  increasing  sediment  load.  It  appears  that  fo.  rhe  purpose  of  water  quality  analysis, 
under  favorable  atmospheric  conditions,  only  MSS  4,  S and  6 are  necessary. 

INTRODUCTION 

It  is  generally  recognized  that  new,  e 'omical  water  monitoring  techniques  must  be 
developed  to  meet  the  needs  of  current  and  •;>  environmental  management,  Existirg  data 
acquisition  techniques  have  a major  limitation  in  that  they  cannot  provide  time  effective 
data  for  large  ecosystems,  such  as  large  rivers  or  bays.  The  present  monitoring  of  water 
quality  with  respect  to  physical,  chemical,  and  biological  parameters  invol'es  a variety 
of  analysis  procedures.  Although  the  aquatic  environment  does  not  lend  itself  to  simple 
analytical  procedures,  it  apoears  that  a certain  number  of  monitoring  functions  are  feasible 
with  the  use  of  satellite  remote  sensing. 

The  objective  of  this  investigation  was  to  evaluate  the  applicability  of  LAM)SAT-1 
multispectral  (MSS)  data  for  assessment  of  water  quality  parameters  with  respect  to 
organic  and  inorganic  polluuion  in  the  Choptank  River. 

Study  Area 

The  Choptank  is  the  largest  river  (194  sq.  km)  on  Maryland's  Eastern  Shore,  draining 
portions  of  Kent  County  in  Delaware,  and  Talbot,  Caroline,  and  Dorchester  Counties  in 
Maryland.  The  drainage  area  of  the  basin  Is  2000  sq.  km  and  has  a population  of  55,000. 

The  Choptank  has  a history  of  water  quality  problems  related  to  discharge  from  insufficient 
overload  wastewater  treatment  plants,  sanitary  code  violations,  agricultural  runoff, 
erosion,  and  industrial  discharges. 

METHODOLOGY 
Data  Analysis 

Data  format.-  Reflected  energy  values  detected  by  L4NDSAT-1  multispectral  scanner 
(MSS)(altitude  approximately  915  km)  in  four  wavelengths  between  0,5  and  1,1  micrometers 
are  recorde  ’ as  digital  alues  on  9-track,  800  bpi  computer  compatible  tapes  (CCTs). 


The  IAND3AT  program  is  managed  by  NASA/Goddard  Space  Flight  Center.  The  prime  con- 
tractor for  the  LANDSAT  program  is  the  General  Electric  Company,  Valley  Forge,  Pennsylvania. 


Spectral  Band 

4 

5 

6 
7 


Wavelength  (um) 

0.5  - 0.6 
0.6  - 0.7 
0.7  - 0.8 
0.8  - l.l 


The  area  of  each  picture  element  (pixel)  is  approximately  1.1  acres.  The  information 
in  Band  4,  5 and  6 is  recorded  on  CCTs  with  a 7*bit  resolution  (128  gray  levels),  and  in 
Band  7 with  a 6-bic  resolution  (64  gray  levels).  Since  the  system  gain  was  not  optimized 
for  data  collection  over  water,  the  total  information  content  for  water  areas  was  generally 
limited  to  a few  gray  levels  in  each  band.  The  data  used  for  this  study  was  taken  on  two 
consecutive  days,  October  10  and  October  11,  1972.  Normally  a particular  site  was  covered 
by  LMjDSAT-l  only  once  every  18  days  unless  the  particular  area  happened  to  be  located 
in  the  overlap  region  of  successive  day  satellite  passes;  the  Choptank  Biver  test  site  is 
Just  such  a case. 

Data  processing  equipment.-  The  data  analysis  was  accomplished  on  a computer  assisted 
interactive  multispectral  image  analysis  system.  The  primary  function  of  this  system  is 
to  extract  thematic  information  from  multispectral  imagery.  This  is  accomplished  via 
statistical  measurement  of  the  radiometric  properties  of  the  imagery  in  conjunction  with 
the  operator's  visual  and  statistical  interpretation  of  data  presented.  The  system 
utilizes  analog  or  digital  data  and  outputs  color  CUT  theme  displays,  map  overlays  and 
computer  printouts. 

Analysis  techniques.-  The  computer  analysis  techniques  involved  the  following  proce- 
dures: 

1.  A single  LANDSAT  scene  includes  an  area  of  approximately  34,225  sq.  km.  A 
working  scene  covering  an  approximate  area  of  28.8  km  square  and  containing  the 
test  site  was  constructed.  A working  scene  is  referred  to  as  a 1:1  display, 
l.e..  for  every  LANDSAT  pixel  there  is  a display  element. 

2.  After  establishing  the  working  scene,  computer  assisted  analysis  incorporates 
training  and  classification  functions. 

a.  Training  - the  process  of  informing  the  system  which  object  to  analyze,  and 
the  system  process  of  identifying  the  spectral  properties  of  that  object. 

(The  term  signature  extraction  is  used  interchangeably.) 

As  a result  of  training  a multispectral  signature  is  developed.  This  signa- 
ture defines  the  characteristics  of  a give:,  object  as  a function  of  its 
reflectance  ' electromagnetic  radi.ition  at  a number  of  discrete  wavelengths 
(visible  or  non-vlsible). 

b.  Classification  - after  the  spectral  properties  of  the  object  are  found,  the 
system  scans  the  total  image,  pixel-by-plxel  (picture  elements  approximately 
79  X 59  meters)  and  determines  if  the  spectral  properties  of  each  pixel 
correlates  with  those  of  the  object  of  interest. 

The  result  of  classification  is  thematic  CRT  display  class  type,  binary  map 
or  bilevel  map. 

By  repeating  the  training  and  classification  procedures  a one-dimension  thematic  dis- 
play for  what  was  discerned  as  total  water  was  developed.  (The  one  dimensional  signature  is 
a classification  using  only  the  upper  and  lower  spectral  limits  in  each  channel.) 


Note:  Data  analysis  in  this  study  was  accomplished  at  two  resolution  levels,  128  gray 

levels,  which  is  full  resolution  of  LANDSAT  data,  and  64  gray  levels. 
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To  this  total  water  theaw  a aultldiBenstonal  sigrature  acquisition  technique  was 
applied.  This  is  a semiautoaatic  swde  of  operation,  which  classified  the  pixels  within  a 
particular  cluster  on  the  basis  of  4*dimensional  histograms.  Based  on  these  nulti- 
diskensional  signatures  the  pixels  within  the  training  area  were  grouped  into  several 
clusters.  The  clustering  process  is  an  automatic  mode,  but  the  number  of  clusters  is 
determined  by  the  operator. 

The  resulting  clusters  are  then  stored  and  retrieved  individually,  at  which  time  they 
are  subjected  to  one  dimensional  training,  and  the  histograsks  rod  the  CBT  displays  of  the 
clusters  are  examined  with  respect  to  their  significance.  At  this  point,  based  on  the 
operators  judgment,  a particular  cluster  can  be  further  subdivided  or  a nund>er  of  clusters 
may  be  combined  and  reclustered  if  so  desired. 

The  computer  analysis  techniques  also  included  supervised  training/classification  and 
clustering.  The  supervised  procedure  inv  Ived  analyzing  a specific  site  within  the  working 
scene  for  which  specific  ground  truth  data  was  available.  The  individual  radiometric 
signatures  of  each  pixel  within  these  sub-sites  (sewage  treatment  lagoon,  tributaries,  and 
embayments)  were  analyzed  and  then  these  signatures  were  extended  over  the  entire  surface 
water  area  in  the  test  site.  Also  the  technique  of  level  slicing  was  applied  to  the 
multispectral  (MSS)  data.  This  involved  supervised  manipulation  of  the  radiometric  signa- 
ture boundari«.s  (upper  and  lower)  of  a particular  cluster  display  wit>-  respect  to  the  four 
t!SS  bands.  All  the  results  of  the  analysis  work  accomplished  using  the  10  October  1972 
wsrr  stored  on  digital  tape  and  were  reapplied  to  the  11  October  1972  scene. 

Ground  Truth 

The  ground  truth  for  this  test  site  was  based  on  historical  data.  The  inorganic 
sediment  data  was  acquired  from  results  of  a LANOSAT-1  investigation  (1281A)  which  used  the 
same  area  for  analysis  [Ij . The  organic  water  quality  data  was  extracted  from  documentation 
provided  by  the  Corps  of  Engineers  ^2]  and  the  Maryland  Department  of  Water  Resources.  It 
should  be  noted  chat  Che  water  quality  data  was  not  taken  precisely  at  Che  time  of  imagery. 
The  data  used  did  indicate  Che  type  of  water  condition  that  could  be  expected  to  exist  at 
this  particular  interval  in  time,  in  Che  Choptank.  All  water  quality  measurements  were 
made  in  accordance  with  Che  procedure  specified  in  Che  Standard  Methods  for  the  Examination 
of  Water  and  Wastewater,  13ch  Edition,  1971. 

Ground  truth  data  also  consisted  of  high  altitude  aerial  color  IR  photography  taken  on 
10  October  1972  and  low  altitude  color  photograj^y  taken  at  the  time  of  this  investigation. 

All  correlation  of  water  classification,  with  respect  to  location,  was  accomplished 
using  NOAA/NOS  Coast  and  Geodetic  Survey  Charts  (552  and  72266). 

SPECTRAL  ANALYSIS  OF  WATER 

From  a theoretical  standpoint,  the  number  os  water  quality  parameters  measurable 
through  analysis  of  LAMDSAT  data  is  limited  by  Che  number  of  bands,  the  bandwidchs,  and  gain 
a number  of  gray  levels.  Suspended  solids  and  phytoplankton  constitute  two  of  the  proper- 
ties which  can  be  considered  potentially  measurable  in  L4NDSAT  data. 

Water,  because  it  absorbs  energy  in  the  infrared  region,  reflects  less  energy  Chan 
most  other  features  on  the  surface  of  Che  earth  in  MSS  7 (0.8  - I.l  un).  In  a given  scene, 
surface  water  is  identified  by  the  fact  chat  the  lowest  reflectance  values  in  Band  7 
represent  reflected  en.  rgy  over  water  feature  pixels.  Ocher  than  the  delineation  of 
surface  water  boundaries,  MSS  7 has  no  significant  application  in  water  quality  analysis. 

The  water  feature  pixels  are  related  to  water  quality  on  the  basis  of  reflected  energy  in 
Che  three  spectral  bands  measured  bv  >'SS  4,  5 and  6 (0. 5-0.6,  0.6-0. 7,  and  0.7-0. 8 un). 

Inorganic  Suspended  Solids 

Both  pure  and  polluted  water  absorb  and  scatter  light,  .''his  phenonenc:'.  is  causr-d  by 
the  water  molecules  and  the  suspended  particulate  materials  in  the  water.  The  relative 


Importance  of  scattering  and  absorptions  mechanisms  of  attenuation  independent  upon  wave- 
length as  Illustrated  in  Figure  1.  The  attenuation  wavelength  relationship  in  typical 
surface  water  is  Illustrated  in  Figure  2. 

Figure  3 Illustrates  the  manner  in  which  the  reflectance  spectrum  is  altered  as  a 
result  of  the  introduction  of  particulates  into  a body  of  water.  The  curves  represent  a 
simple  and  ideal  case,  in  which  the  receiving  waters  are  clear,  free  of  extraneous 
pollutants,  and  of  sufficient  depth  so  that  bottom  reflectance  is  not  a factor.  The  impor- 
tant point  extracted  from  the  curves  is  that  a significant  change  in  the  reflectance 
spectrun  occurs  in  the  0.6  - 0.7  u:n  spectral  band  (MSS  5)*  The  curves  also  illustrate  that 
the  reflectance  levels  in  the  0.3  - 0.6  spectral  band  (MSS  4),  also  increase,  but  the 
utility  of  this  band  is  dependent  in  part  on  the  atmospheric  condition  at  the  time  of  the 
observation.  The  relationship  shown  is  not  linear  and  reflects  both  particle  size  and 
concetitratlon.  In  general,  the  change  in  4 is  about  0.6  - 0.8  that  in  5.  Beyond  0.7  um 
the  curves  for  inorganic  particulates  drop  off  and  the  attenuation  coefficient  in  the  near 
infrared  will  increase  rapidly,  limiting  observations  essentially  to  the  water  surface. 
(Although  within  this  restriction  6 & 7 reflectances  also  increase  with  sediment  load.) 

For  this  work,  although  no  simple  correlation  exists  between  light  transmittance  and 
weight  per  unit  volume  of  suspended  matter,  and  because  of  the  lack  of  need  for  detailed 
quantitative  measurement,  the  reflectance  values  of  MSS  5 were  used  to  make  gross  classifi- 
cations of  wit.ir  quality  in  relation  to  inorganic  sediment  load. 

Phytoplankton 

Figure  4 illustrates  the  expected  response  for  a body  of  water  which  contains  varying 
concentrations  of  phytoplankton.  The  response  in  the  spectral  band  0.6  - 0.7  (MSS  5)  is 
caused  by  the  fact  that  phytoplankton  contains  chlorophyll,  carotenoids,  and  special 
accessory  pigments,  all  of  which  absorb  light.  Thus,  while  MSS  5 reflectance  does  increase 
slightly  with  phytoplankton  concentration,  the  change  is  much  less  than  in  6 (or  4 ). 
Chlorophyll  a is  the  predominant  pigment  in  planktonic  algae.  In  the  near  infrared  band 
0.7  - 0,8  (MSS  6),  as  the  phytoplankton  concenfation  increases  there  is  a proportional 
increase  in  spectral  reflectivity  over  band  5.  This  is  the  opposite  of  the  expected 
response  for  inorganic  particulates. 


RESULTS 

Results  of  this  investigation  indicate  that  the  semiautomatic  clustering  and  spectral 
band  level  slicing  processes  allow  gross  classification  of  the  surface  water  in  the 
Choptank  on  the  basis  of  water  depth  and  water  quality  (phyto, lankton). 

Water  Quality 

Figures  5 through  8 illustrate  the  results  of  this  investigation,  with  respect  to 
water  quality  at  a resolutio.i  of  64  levels  and  128  levels  using  all  MSS  bands.  These 
clusters  were  derived  utilizing  both  semisupervised  and  supervised  clustering  techniques. 

The  association  of  the  resulting  clusters  to  water  quality  was  based  on  the  mean  spectral 
signatures  of  a particular  cluster  in  MSS  band  5 (0.6  - C.f  un)  and  6 (0.7  - 0.8  m:i)* 

Listed  in  Tables  I and  II  are  the  mean  signatures  for  MSS  bands  4,  5,  6 and  7,  for  the 
clusters  resulting  from  an.-’lysis  at  64  and  128  gray  levels  respectively.  Also  included  in 
these  tables  is  a hierarchal  classification  of  the  clusters  with  respect  to  water  quality 
(inorganic  sediment  and  chlorophyll  a concentration)  and  water  depth. 

Results  at  64  Levels 

Reflectances  of  0-3  in  MSS  7 were  assumed  to  define  water  feature  pixels.  The  clusters 
were  developed  by  initially  establishing  four  clusters.  By  examining  the  CRT  display  and 
histograms  the  original  clusters  were  combined  and/or  further  subdivided  using  the  semi- 
automatic computer  mode.  This  technique  produced  10  distinct  clusters.  Six  of  the  clusters 
characterized  water  ere '..oniti.uo.ly  in  the  ' ■ wer  C:vii)t,;ir.k , th'-ce  ('haracto!-;  :v'U  *„l.'  wrtc  • o" 
the  upper  river,  and  one  delineated  the  shoreline. 
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In  Figure  5,  Che  six  clusters  which  characterized  the  lower  river  are  identified  as 
folIoiTS  using  C&GS  charts  and  the  sewage  treatment  lagoon  at  Kaston,  Maryland  as  irelerences . 

• cluster  1 - water  deeper  Chan  1.5  m,  lowest  inorganic  sediment  0-25  mg/1, 

lowest  chlorophyll  a < ,>0  u;'. '1 

• Cluster  2 - depth  >1.5  m,  inorganic  sediment  0-25  mg/1,  chlorophyll  a I 

« Cluster  3 - depth  >1.5  m,  inorganic  25-60  mg/ I,  chlorophyll  a ju-100  un'I 

• Cluster  4 - depth  >1.5  m,  inorganic  sediment  25-60  mg/l,  chlorophyll  a 50-100 

• cluster  5 - depth  <0.6  m,  inorganic  sediment  0-12  mg/l,  chlorophyll  a >'.00  ug/i 

• Cluster  6 - depth  0.6-2. 7 m,  inorganic  sediment  12-15  mg/I,  chlorophyll  a 

50-100  ufy/1 

The  three  water  classes  which  were  predominantly  in  the  upper  Choptank,  east  and 
north  of  Cambridge,  Figure  6,  were  characterized  as  follows: 

• cluster  7 - depth  0.9-2. 4 m,  inorganic  sediment  >60  mg/l,  chlorophyll  £ >1C0  ;ir.' I 

• cluster  8 - depth  0.9-2. 4 m,  inorganic  sediment  >60  rag/1,  chloiophyll  a 50-100 

•arJ  I 

• cluster  9 - depth  0.9-2. 4 m.  Inorganic  sediment  >60  mg/l,  chlorophyll  a >100  i:r  1 

A comparison  of  the  mean  signatures  for  these  nine  clusters  as  they  relate  to  the 
water  quality  ground  truth  data  is  summarized  in  Table  1.  These  results  imply  that  a mean 
signature  of  4.0  or  less,  4. 0-6.0,  and  6.0  in  MSS  5 are  Indicative  of  water  with  an 
Inorganic  sediment  load  of  15  mg/l  or  loss,  15-25  mg/l  and  25  mg/l,  respectively.  In 
MSS  6 a mean  signature  of  1.9  or  less.  2. 0-3.0,  and  3.0  are  characteristic  of  surface 
water  which  has  chlorophyll  a concentration  of  <50  50-10C  "i'  >100  Uit  I 

respectively.  Cluster  10,  in  Figure  6,  delineates  only  areas  which  were  determined  to  be 
a combination  of  land  and  water  or  shoreline. 

Results  at  128  Levels 

Because  LANDSAl-1  data  is  net  optimized  for  water  (only  a few  gray  levels  pertain  to 
water  data)  and  the  raw  data  is  composed  of  128  gray  levels  it  was  thought  that  working 
at  64  level  (in  effect  compressed  data)  may  have  severely  reduced  the  amount  of  information 
obtainable  from  this  type  of  analysis.  The  water  quality  classification  derived  as  a 
result  of  analysis  at  12P  gray  level  is  Illustrated  in  Figures  7 and  8.  The  comparison  of 
the  mean  signature  of  the  resulting  clusters  the  water  quality  ground  truth  is  given  in 
Table  II. 

A comparison  of  the  results  at  128  levels  to  the  analysis  results  at  64  levels 
indicates  tha.  for  the  surface  water  in  the  Choptank,  the  results  were  very  similar. 
Visually,  the  only  difference  appears  to  be  that  the  data  at  128  levels  allowed  more 
detailed  classification  of  the  water  in  relation  to  depth  gradient  in  the  lower  river 
(Figure  8,  Clusters  ll  and  12).  Possibly  if  the  river  bottom  had  less  slope  and/or  the 
river  water  contained  a larger  variance  in  sediment  load,  both  organic  and  inorganic,  the 
increase  in  resolution  would  have  been  more  significant.  For  statistical  analysis  of  the 
data,  the  results  at  128  levels  show  greater  correlation. 

The  mean  MSS  4 and  6 reflectances  in  Table  II  are  plotted  a.'.uinst  mean  MSS  5 values  in 
Figure  9.  The  mean  reflectances  of  31  Easton  lagoon  pixels  are  denoted  6y  X.  lue  open 
circles  are  Clusters  6,  7,  8 and  10  of  Table  II.  The  first  three  are  primarily  found  in 
the  upper  Choptank,  typically  high  in  chlorophyll  a;  cluster  10  appears  to  include  shoreline 
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mixed  pixels.  Because  of  their  physical  and  spectral  characteristics,  the  data  for  the 
lagoon  and  the  four  clusters  were  treated  separately. 

Data  from  the  remaining  eight  clusters  (solid  points)  were  correlated  by  linear  least 
squares  regression  analyses,  with  the  resulting  equations  given  in  the  figure.  Standard 
deviations  for  the  equations  were  calculated  from  the  differences  between  observed  and 
calculated  MSS  4 (or  6)  reflectances  for  the  measured  MSS  5 values.  The  r2  values  reflect 
the  degree  (on  a scale  of  0 to  1)  to  vhich  the  calculated  equations  account  for  the 
observed  variations  in  the  data;  at  ■ 0.99  and  0.91  the  fits  are  excellent.  In  view  of 
the  correlation  of  some  clusters  with  depth,  it  appears  that  depth  effects  cannot  be  dis* 
tinguished  from  suspended  sediment  concentrations  by  MSS  4-6  reflectance  patterns  alone. 

Cluster  10  falls  about  one  standard  deviation  from  the  MSS  4 vs.  5 line,  but  has 
increased  reflectance  in  MSS  6 (and  in  MSS  7,  not  shown),  supporting  the  view  that  these 
pixels  contain  som>>  shoreline  vegetation. 

The  lagoon  and  clusters  6,  7 and  8 fall  conspicuously  off  the  trend  lines,  and  share 
the  common  characteristic  of  being  associated  with  high  typical  chlorophyll  a and/or  surface 
algae  contents.  The  displacements  of  these  data  points  from  the  trend  lines  - ^(MSS  4)/ 
A(MSS  5)  <0.74  and  ^(M3S  6)/  ^(M3S  5)  >0.58  - are  consistent  with  calculated  reflec- 

tance changes  for  phytoplcnfcton  in  water  (Figure  4).  The  magnitudes  of  these  displacements 
are  4 to  7 standard  deviations  for  4 vs.  5,  and  O.S  to  4 for  MSS  6 vs.  5.  Although  exact 
correlations  with  chlorophyll  a content  are  not  possible  for  this  data,  it  appears  that  a 
relative  decrease  in  MSS  4 reflectance  is  statistically  more  diagnostic  of  this  phenomenon 
than  is  an  increase  in  MSS  6. 


Spectral  Band  Lc'cl  Slicing 

The  results  of  level  slicing  MSS  5 and  6 are  illustrated  in  Figures  10  and  11,  respec- 
tively. The  upper  and  lower  bounds  of  MSS  S and  6 in  the  water  feature  pixels  were 
determined  by  application  of  a one-dimensional  training  process  for  the  total  water  area. 

The  level  slicing  of  the  individual  channels  was  accomplished  by  holding  the  spectral 
limits  of  all  other  bands  constant  end  manually  adjusting  the  upper  and  lower  bounds  for 
the  specific  band  being  sliced.  The  results  of  this  process  reinforce  results  of  the 
semisupervised  clustering  process.  For  MSS  5 and  6 the  reflectance  values  were  low  near 
the  mouth  of  the  Choptank.  The  water  feature  pixels  which  ware  further  up  river  and  located 
in  tributaries  had  higher  reflectance  due  to  increase  inorganic  sediment  (MSS  5)  and  phyto- 
plankton (MSS  6). 

The  Easton  sewage  treatment  lagoon,  in  Figures  10  and  11,  is  characterized  by  low 
reflectance  in  MSS  5 and  high  reflectance  in  MSS  6.  This  occurrence  is  consistent  with  high 
organic  load  in  the  lagoon  causing  absorbance  in  MSS  5,  while  chlorophyll  a content  of  the 
algae  in  the  water  increases  the  reflectance  in  MSS  6. 

As  indicated  in  the  results  at  64  levels,  water  pixels  with  reflectance  values  of 
<2.0,  2. 0-3.0,  and  >3.0  were  correlated  with  chlorophyll  a concentration  of  <50  ut', 

50-100  up;  and  >100  ug,  -"spectively . 

Phytoplankton  Detection 

These  results  indicate  that  LANDSAT  data  has  limited  application  for  the  detection  of 
planktonic  algae.  The  explanation  of  this  is  twofold.  The  bandwidth  of  MSS  6 (0.7  - 0.8  urn) 
is  restrictive  because  the  lower  end  of  this  band  is  well  suited  for  chlorophyll  detection, 
while  the  range  approaching  the  upper  end  demonstrates  a decreasing  reflectance  (see  Figure 
12). 


The  second  reason  is  illustrated  in  Table  III.  The  Crops  of  Engineers  conducted  a 
study  of  the  nutrient  • chlorophyll  relationships  in  the  Choptank  River.  Results  of  the 
survey  indicate  that  nuisance  algal  blooms  (measured  as  chlorophyll  a concentrations)  seem 
to  be  associated  with  total  Kjeldahl  nitrogen  (TKN  as  N)  concentrations  above  0.9  mg/1  and 
total  phosphorus  (TP  as  PO^)  concentrations  above  0.3  mg/1.  However,  increa  es  in  nutrient 
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concentration  do  not  produce  proportional  increases  in  algae  growth.  Nutrient  availability 
as  well  as  environmental  factors  such  as  water  temperature,  oxygen  concentration,  wind,  and 
sunlight  affect  algal  propogation. 
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Results  of  this  study  indicate  that  algal  blooms  can  be  detected  and  that  the  intensity 
of  the  reflectance  of  the  water  feature  pixel  in  MSS  6 correlates  to  the  chlorophyl 1 a 
concentration.  The  detail  in  ground  truth  data  for  this  study  only  allowed  classification 
of  the  chlorophyll  a concentration  at  three  level:'  <50  vig/l  (below  nuisance  level), 

50-100  wg/l  (blooms  occur)  and  >100  UG/1. 

Inorganic  Sediment 

Results  of  this  study  indicate  that  there  is  no  simple  correlation  between  inorganic 
sediment  content  per  unit  volume  of  water  and  spectral  reflectance  in  MSS  5.  A comparison 
of  sediment  measurement  and  MSS  signatures  implies  that  over  large  test  areas,  ranges  of 
sediment  load  are  somewhat  correlated.  Ground  truth  in  the  Choptank  allow  the  classifica- 
tion of  water  feature  pixels  in  five  ranges:  0-12  mg/1,  12-15  mg/1,  0-25  mg/1,  25-60  mg/1 

and  greater  than  60  mg/1. 

The  dynamic  nature  of  a body  of  water  such  as  the  Choptank  and  the  resolution  of 
LANDSAT  data  (.44  hectares)  contribute  to  the  error  in  sediment  correlations,  because  of  the 
present  sampling  techniques.  A point  source  sample  in  an  acre  area,  or  series  of  point 
samples  in  the  area  over  a period  of  time  could  lead  to  serious  errors  in  correlation  to 
spectral  reflectance.  Acquiring  a large  numh«»r  of  samples  over  a given  area,  simultaneously 
with  the  satellite  c rpass,  would  be  more  effective  for  determining  sediment  load  correla- 
tion in  dynamic  watt  s. 

Application  of  Signatures  to  11  October  Scene 

Results  of  transferring  the  multidimensional  signatures  (64  level)  from  the  10  October 
1972  scene  to  the  11  October  1972  scene  are  illustrated  in  Figures  13  and  ll*.  The  change 
in  location  of  the  clusters  is  due  to  a change  depth  (different  tide  level)  and  the  incoming 
tide  affecting  the  surface  water  circulation  patterns. 

As  a result  of  observations  of  the  clusters  of  the  11  October  scene  it  was  determined 
that  possibly  the  change  in  water  depth  significantly  affected  the  location  of  the  cluster. 

Since  water  depth  is  not  of  a significant  concern  to  water  quality  ar  ilysis  it  was  specu- 
lated that  a data  processing  technique  which  utilized  only  MSS  5 and  MSS  6 would  simplify 
problems  of  associating  transferred  signatures  to  water  quality  and  significantly  decrease 
the  data  processing. 

Supervised  Clustering 

To  develop  a unique  signature  for  water  in  the  Easton  sewage  treatment  lagoon  a super- 
vised classification  technique  was  applied.  The  process  involved  the  selection  of  a 
training  site  within  the  working  scene  and  enlarging  the  display  in  order  that  the  individ- 
ual "water"  pixels  could  be  easily  distf.  guished  from  shoreline. 

After  developing  a total  water  theme,  in  which  the  lagoon  was  included,  the  lagoon 
water  area  pixels  were  classified  using  the  multidimensional  training  mode.  The  results 
of  applying  this  lagoon  signature  to  the  total  water  theme  is  i uF.trp.toii  ir.  ?i  : ;re  15. 

This  cluster  should  distinguish  water  in  the  choptank  which  is  similar  to  lagoon  water  in 
sediment  load,  chlorophyll  a content  and  depth.  This  cluster  includes  waters  of  the  several 
small  tributaries  which  according  to  ground  truth  were  typified  as  having  chlorophyll 
concentrations  similar  to  that  of  the  Easton  lagoon. 

Although  a striping  compensation  techrlque  was  applied  to  the  original  data,  the  sensor 
calibration  effect  was  not  entirely  eliminated.  The  similarity  of  the  horizontal  striation 
effect  in  the  thematic  display  to  a "banding"  effect  suggests  that  this  cluster  is  an  over- 
representation of  river  water  which  is  similar  to  lagoon  wate. . 
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CONCLUSIONS 

Results  of  this  Investigation  demonstrate  that  L\NDSAT  data  can  be  utilized  to  survey 
water  quality  of  a large  water  system  on  a timely  and  economical  basis. 

Although  water  quality  does  not  lend  itself  to  simple  analysis,  the  four  broad  band* 
widths  between  0.5  - 1.1  un  allow  limited  water  quality  measurements  which  are  essentially 
restricted  to  inorganic  sediment  concentrations  and  phytoplankton  (chlorophyll  _a)  detection. 

Inorganic  sediment  concentration  in  the  Chontaak,  although  it  does  not  represent  a 
significant  problem,  was  detectable  in  MSS  4 and  5,  Also,  it  should  be  noted  that  bottom 
reflectance  and  sediment  concentration  are  not  distinguishable  using  MSS  4 and  5.  Only  in 
water  having  sufficiently  large  sediment  load  or  of  sufficient  depth  to  elimin.ite  bottom 
reflectance  can  correlation  of  MSS  4 and  5 to  sediment  load  be  determined. 

The  MSS  6 or  the  ratio  of  MSS  6/MSS  5 is  applicable  for  the  detection  of  high  phyto- 
plankton (chlorophyll  a)  to  concentrations.  An  increase  in  reflectance  in  MSS  6 relative 
to  MSS  5 (and  a decrease  in  MSS  4 relative  to  MSS  5),  compared  to  the  trend  of  data  from 
sedimented  water,  is  indicative  of  water  which  contains  high  chlorophyll  concentration. 
Because  inland  water  which  has  sufficient  organic  nutrient  loads  to  support  a phytoplankton 
bloom  is,  according  to  standards  set  by  the  Environmental  Protection  Agency,  polluted,  the 
capability  of  bloom  detection  alone  would  be  useful  for  large  scale  water  quality  surveys 
of  non-point  pollution  sources  of  nitrogen  and  phosphorous. 
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TABLE  II.  TABULATION  OF  MEAN  SIGNATURES  AND  GROUND  TRUTH 
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FIGURE  9.  MEAN  CHOPTANK  RIVER  CLUSTER  SIGNATURES 
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HYDROLOGIC  LAND  USE  CLASSIFICATION  OF  THE  PATUXENT  RIVER  WATERSHED  USING 
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ABSTRACT  YJ76-1'7660 


The  Patuxent  River  Watershed  is  located  in  central  Maryland  betv<een  Baltimore  and  Wash- 
ington, D.C.  and  is  approximately  2330  km^  in  area  and  175  km  long.  This  region  is  now  at  a 
critical  point  because  of  major  concerns  such  as  water  management  and  quality,  flooding  and 
land  use  within  the  watershed.  Data  from  the  NASA-directed  LANDSAT  and  Earth  Resources 
Aircraft  Programs  have  been  used  to  provide  a new  dimension  in  information  collection  and 
processing  for  the  management  of  watersheds.  Digital  data  from  LANDSAT-1,  ID  number  1260-15201, 
were  analyzed  along  with  selected  IR  photography  f»’om  U-2  flight  number  74-060B  taken 
28  April  1974,  which  was  digitized  in  three  channels.  Processing  of  the  data  was  accomplished 
using  a multispectral  analysis  system.  Land  use  themes  consisting  of  surface  water,  wetlands, 
forest,  residential,  cropland/ pasture,  urban,  and  extractive  were  developed  and  delineated 
through  the  watershed.  Area  measurements  of  watershed  themes  were  obtained  and  will  serve  as 
a calibration  input  to  a deterministic  hydrologic  model  on  a sub-watershed.  Using  the  derived 
residential  and  urban  theme  areas  from  LANDSAT  an  estimated  basin  imperviousness  was  also 
calculated.  Thematic  maps  were  produced  at  1:62,500  scale.  The  estimated  cost  of  theme  delin- 
eation was  $4.30/km2.  Floodprone  areas  were  also  classified  and  delineated  at  a scale  of 
1:24,000.  Comparison  with  standard  floodprone  area  maps  at  the  same  scale  have  indicated  a 
few  areas  of  discrepancy.  Such  information  can  be  used  for  updating  or  checking  floodprone 
area  boundaries  as  well  as  monitoring  changes  in  floodplain  areas.  This  cooperative  study 
has  provided  participating  state  and  local  agencies  with  remote  sensing  information  as  applied 
to  hydrologic  problems  and  has  resulted  in  a technology  exchange. 


INTRODUCTION 


The  purpose  of  this  study  was  to  develop  a series  of  objective  hydrologic  land  use  class- 
ifications of  the  Patuxent  River  watershed  in  Maryland  primarily  using  LANDSAT  (formerly  ERTS) 
digital  data  to  classify  the  basin  area.  This  watershed  survey  should  produce  valuable 
statistical  data  to  various  state  and  local  jurisdictions.  Further,  because  the  hydrologic 
land  use  themes  are  up  to  date  and  indicative  of  existing  physical  conditions,  the  data  classifi- 
cations are  being  used  in  the  calibration  of  a numerical  watershed  model  on  the  Western  Branch 
v.dterihed,  a sub-basin  of  the  Patuxent  River.  Such  models  are  used  to  characterize  the  hydro- 
logic  behavior  of  a particular  basin  in  planning  or  predictive  purposes.  The  accuracy  of  theme 
classifications  and  area  measurements  were  checked  on  the  Western  Branch  watershed  where 
LANDSAT  data  and  high  altitude  U-2  color  IR  photography  were  available  and  ground  truth  surveys 
were  conducted. 

Associated  with  the  hydrologic  land  use  classification  was  an  effort  to  delineate  flood- 
prone areas  adjacent  to  some  of  the  major  streams  in  the  Patuxent  River  basin.  In  previous 
studies  interpretation  of  LANDSAT  imagery  and  high  altitude  photography  has  indicated  that 
areas  susceptible  to  flooding  along  river  systems  can  be  identified  by  the  detection  of  various 
natural  and  artificial  indicators  on  the  floodplain  (Ref.  1 and  2).  Preliminary  experience  with 
LANDSAT  digital  data  has  indicated  that  the  generation  of  floodprone  area  overlays  at  approx- 
imate scales  of  1:62,500  and  1:24,000  is  possible.  Such  products  should  be  of  value  to  local 
and  state  agencies  for  planning  purposes.  In  order  to  physically  explain  the  floodprone  area 
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signatures  that  have  been  observed  with  remote  sensing,  known  floodprone  areas  near  Laurel, 
Maryland  were  selected  for  detailed  study.  An  attempt  was  made  to  correlate  the  multispectral 
floodprone  area  classifications  with  vegetation,  soils,  and  moisture  data  obtained  by  detailed 
ground  surveys  and  low  altitude  photography.  The  possible  extension  of  the  floodprone  area 
signatur..s  thus  derived  were  considered. 


PATUXENT  RIVER  WATERSHED 


The  Patuxent  is  the  largest  intrastate  river  in  Maryland  (Ref.  3).  It  originates  on  Parrs 
Ridge  at  the  junction  of  Howard,  Montgomery,  Frederick  and  Carroll  counties  and  flows  in  a 
south-southeasterly  direction  for  175  kilometers  (110  miles)  to  its  confluence  with  the  Chesa- 
peake Bay  (Figure  1).  The  main  stream  of  the  Patuxent  River  fc'^s  a boundary  between  Howard, 

Anne  Arundel,  and  Calvert  counties  on  the  north  and  east,  and  Montgomery,  Prince  George's, 
Charles,  and  St.  Marys  counties  on  the  south  and  west.  The  area  of  the  Patuxent  River  water- 
shed is  approximately  2330  km^  (900  mi^)  and  covers  three  distinct  physiographic  provinces. 

The  headwater  region  lies  in  the  Piedmont  Plateau  within  Howard  and  Montgomery  counties 
and  extends  from  the  Frederick  county  line  to  the  Fall  Line  at  Laurel  (Patuxent  River)  and 
Savage  (Little  Patuxent).  The  land  in  this  region  is  primarily  used  for  urban,  residential, 
forest  and  agricultural  purposes.  Two  reservoirs  (Triadelphia  and  Rocky  Gorge)  are  located  in 
the  region  and  provide  for  the  water  needs  of  approximately  1.2  million  people.  In  this  area 
stream  valleys  are  relatively  steep-sided  with  little  if  any  floodplain.  The  floodplain  that 
does  exist  is  generally  wooded. 

The  middle  region  of  the  watershed,  starting  from  the  Laurel/Savage  area,  is  located  in 
the  Coastal  Plain  and  extends  approximately  to  the  tidal  zone  at  Wayson’s  Corner.  The  flood- 
plain  of  the  river  and  its  tributaries  in  this  region  is  characteristically  broad,  flat,  low- 
lying  and  wet.  The  floodplain  provides  a continuous  corridor  of  swamps  and  marshes,  usually 
bordered  by  forested  uplands.  In  this  middle  region  of  the  watershed,  land  use  is  character- 
ized by  urban,  residential  and  forested  areas. 

The  lower  part  of  the  watershed  drains  into  an  estuary.  In  the  vicinity  of  Wayson's 
Corner,  the  river  enters  an  area  of  marshlands.  The  marshes  are  assumed  to  have  been  created 
by  siltation  from  both  natural  causes  and  upstream  agricultural  and  urban  development.  At 
Deep  Landing,  the  Patuxent  widens  and  deepens  into  a typical  saline  branch  of  Chesapeake 
Bay.  The  large  marsh  areas  are  replaced  by  bluffs,  sometimes  20  feet  high,  with  wide  sandy 
beaches  and  rolling  countryside. 

In  recent  times,  problems  of  flooding  and  water  quality  have  become  major  problems  with- 
in the  watershed.  At  Laurel,  the  problems  begin  with  Walker  Branch  draining  the  West  Laurel 
area.  This  branch  carries  heavy  sediment  loads  and  suburban  storm  water  during  rainfall  and 
discharges  directly  into  the  Patuxent.  Laurel  itself  has  developed  on  the  floodplain  of  the 
river  and  suffers  periodic  flooding  that  has  reached  serious  damage  levels. 

At  the  confluence  of  the  main  stem  of  the  Patuxent  with  the  Middle  Patuxent,  additional 
sedimentation  is  added  to  the  river.  Heavy  silt  loads,  urban  storm  water  and  wastewater 
effluent  carried  by  the  Middle  Patuxent  from  Howard  and  Anne  Arundel  counties  joins  the 
Patuxent.  In  this  upper  region  of  the  watershed,  the  primary  concern  is  the  effect  of  urban 
development. 

In  terms  of  its  future  role  as  a unique  natural  resource  in  the  Baltimore-Washington  region, 
the  Patuxent  River  has  reached  its  most  critical  point.  Basic  commitments  to  protect  the 
Patuxent  have  been  accepted  by  the  bordering  counties.  The  State's  concern  for  the  river  is 
indicative  of  the  passage  of  "The  Patuxent  River  Watershed  Act  and  the  Scenic  Rivers  BiT'. 

To  avoid  future  degradation  of  the  river,  cooperation  and  coordination  is  now  needed  between 
all  agencies  concerned. 


It  has  been  noted  that  more  is  known  about  the  Patuxent  watershed  than  any  other  estuary 
on  the  East  Coast  (Ref.  4)  but  more  in-depth  knowledge  is  needed  before  we  can  understand 
the  way  the  watershed  works  as  well  as  predict  the  probable  effects  of  land  use  changes. 

It  is  through  the  use  of  watershed  simulation  models  requiring  inputs  of  physiography  and 
land  use  that  a better  understanding  of  the  runoff  characteristics  of  the  watershed  may  be 
achieved. 


MULTISPECTRAL  ANALYSIS 


The  digital  processing  for  this  study  was  performed  using  an  interactive,  multispectral 
image  analysis  system'.  This  system  is  composed  of  the  following  principal  components: 

• input  scanner  unit 

• image  analyzer  console 

• image  memory  unit 

• process  controller  (including  peripherals) 

A portion  of  a LANDSAT  scene  or  digitized  U-2  data  were  used  to  fill  the  system  color 
display.  Supervised  training  and  classification  were  then  performed  on  the  four  LANDSAT 
spectral  bands  or  the  three  bands  developed  from  digitizing  the  U-2  imagery. 

Training  sites  were  selected  with  an  electronic  cursor  which  is  sized  and  positioned 
using  a "joy-stick".  The  image  analysis  system's  special  purpose  hardware  identifies  the 
spectral  reflectance  range  of  the  training  site  in  each  specified  band  simultaneously.  The 
minimum  and  maximum  reflectance  values  in  each  band  of  the  training  area  are  used  to  define 
the  limits  of  a 4-dimensional  spectral  parallelepiped.  The  picture  elements  of  the  displayed 
image  are  examined  pixel -by-pixel . Pixels  within  the  parallelepiped  bounds  are  identified  or 
"alarmed"  on  the  color  display.  The  user  has  the  option  of  modifying  the  spectral  signature 
through  thresholding  the  parallelepiped  boundaries.  This  procedure  is  known  as  single-para- 
llelepiped training  and  classification. 


PROCEDURES 

Several  LANDSAT-1  images  were  evaluated  for  use  in  the  study.  This  evaluation  consider- 
ed the  problem  of  cloud  cover  and  the  quality  of  the  digital  tapes.  The  scene  selected,  ID 
1260-15201  (9  April  1973)  depicted  early  spring  in  Maryland;  foliage  coverage  is  limited  and 
surface  moisture  is  abundant.  The  scene  contained  the  total  Patuxent  River  watershed.  In 
addition  to  the  LANDSAT-1  data,  a NASA  high  altitude  U-2  image  dated  28  April  1974  was  selected 
for  the  same  area. 

On  a color  composite  of  ID  1260-15201,  study  areas  were  outlined  at  full  and  half  resol- 
ution. Full  resolution  is  defined  as  sampling  and  displaying  every  LANDSAT-1  pixel  for  every 
display  element  0:1)-  ,Each  full  resolution  display  (wc^king  scene)  covers  an  area  of  approx- 
imately 839  km2  (324  mi^).  Half  resolution  is  defined  as  displaying  four  equivalent  display 
elements  for  each  LANDSAT  pixel.  This  covers  approximately  216  km^.  Coordinates  of  these 
outlined  areas  were  applied  during  machine  processing  to  construct  working  scene  files  from 
the  LANDSAT-1  CCTs. 

Starting  at  the  upper  portion  of  the  watershed,  the  first  working  scene  "PATl"  was 
constructed  (Figure  2).  Consecutive  working  scenes  were  developed,  each  scene  having  an 
overlap  area  with  the  previous  scene.  This  overlap  was  designed  to  el  inmate  the  possible 
loss  of  data.  Each  working  scene  was  corrected  for  earth  rotation.  ;M  i working  scenes 
defining  the  total  watershed  were  constructed  at  1:1  resolution.  Working  scenes  for  the 
Western  Branch  drainage  basin  and  for  floodplain  delineation  studies,  however,  were  constructed 
at  half  resolution.  Working  scenes  using  U-2  aircraft  data  were  also  constructed  for  Western 
Branch  and  the  floodprone  areas. 

1 General  ETec trie  IMAGE  lOO  System 
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Theme  development  began  with  displaying  a working  scene  containing  particular  training 
sites.  A training  site  is  a spatial  area  consisting  of  one  object  which  is  used  as  a data 
base  for  classification.  The  system  cursor  is  located  enclosing  the  known  object  and  a multi- 
spectral  signature  is  extracted.  A multispectral  signature  is  defined  in  four  dimensions,  that 
is,  one  for  each  LANDSAT-1  MSS  channel.  In  each  dimension,  a lower  and  upper  limit  is  deHned 
resulting  in  a multidimensional  parallelepiped.  The  classification  of  the  working  scene  was 
performed  after  completion  of  signature  acquisition. 

Where  modifications  were  required,  two  methods  were  used.  The  first  method  was  the 
selection  of  a new  training  site.  The  signature  extracted  from  the  new  site  can  be  combined 
with  the  original  or  used  separately.  The  second  method  was  to  arbitrarily  adjust  the  limits 
of  the  histograms  of  the  four  MSS  channels  for  the  original  multispectral  signature. 

Histograms  and  limits  were  recorded  for  all  signatures  after  development  and  verification. 
Other  working  scenes  were  displayed,  and  the  limits  of  the  already  developed  signatures  were 
inputted  and  modified  where  necessary.  The  transferring  of  signatures  in  this  manner  enabled 
themes  to  be  mapped  through  seven  working  scenes  covering  the  entire  watershed. 

The  interactive  system  allows  the  masking  of  irregular  shaped  areas  within  a working  scene. 
Therefore,  boundaries  of  the  watershed  were  defined  using  the  system  software  capabilities. 

By  the  manipulation  of  the  theme  tracks  of  the  interactive  system,  themes  outside  the  watershed 
boundaries  were  masked.  Area  measurements  of  themes  exclusively  within  the  watershed  boundaries 
were  thus  obtained. 


RESULTS 


The  major  concern  of  the  study  was  to  provide  a precise  inventory  of  land  use  to  help 
determine  the  flow  of  runoff  to  the  Patuxent  River.  The  land  use  categories  (themes)  assumed 
to  have  significant  impact  on  the  hydrologic  behavior  of  the  watershed  were; 


• surface  water 

• wetlands 

• total  forest 

• residential 


• urban/commercial 

• bare  fields 

• cropland/pasture 

• extractive  (e.g.  gravel  pits) 


Additional  subclassification  of  surface  water  and  the  separation  of  total  forest  into 
coniferous  and  deciduous  forests  was  accomplished.  The  themes  listed  above  correspond  to  the 
general  categories  of  watershed  land  use  as  stated  in  Ref.  5,  i.e.,  (1)  non-vegetative,  (2)  non- 
herbaceous  lowland  vegetation  and,  (3)  herbaceous  upland  vegetation.  In  the  sub-division  of 
the  third  class  a difference  is  derived  due  to  percent  of  cover  of  fields.  The  bare  field 
theme  is  the  same  i.e.,  less  than  10%  cover.  The  crooland/pasture  theme  assumes  the  combination 
of  cover  from  10%  to  100%. 


Themes  relative  to  the  watershed  boundaries  were  possible  by  digitizing  boundary  maps 
through  the  interactive  system  scanner.  This  was  accomplished  by  superimposing  the  themes 
over  the  digitized  maps.  The  digitized  maps  also  served  as  guides  in  the  development  of  a 
watershed  theme.  Area  measurements  of  the  land  use  themes  for  the  Western  Branch  watershed 
were  obtaine  ' using  both  LANDSAT  and  digitized  U-2  data  as  shown  in  Figures  3 and  4. 

In  Table  1 a summary  of  the  area  measurements  for  Figures  3 and  4 are  shown.  In  general, 
measurements  using  lANDSAT  data  have  higher  values  than  values  derived  from  U-2  digitized 
data.  Factors  accounting  for  the  deviations  include  the  fact  that  because  the  U-2  data  possess 
a higher  resolution  than  the  LANDSAT  data,  more  specific  land  use  classes  can  be  delineated, 
and,  as  a result,  the  total  area  of  each  individual  U-2  class  will  potentially  be  less  than 
the  corresponding  LANDSAT  class.  Additionally,  the  U-2  data  were  acquired  more  than  one  year 


later  than  the  LANDSAT  aata  and  also  about  three  weeks  later  in  the  month  of  April.  As  a 
consequence,  seasonally  changing  land  cover  can  logically  be  expected  to  vary.  For  example, 
LANDSAT  bare  fields  and  cropland/pasture  themes  total  18.1  and  15.5%,  respectively,  on 
9 April  1973  and  U-2  bare  fields  and  cropland/pasture  total  13.5  and  17.4%,  respectively, 
on  28  April  1974.  Even  with  these  differences,  the  arithmetic  average  of  the  deviations 
of  the  theme  area  measurements  derived  from  LANDSAT  and  U-2  data  sources  is  only  about  2% 
of  the  watershed  area.  sing  LANDSAT  data,  over  ninety  percent  (90%)  of  the  Western  Branch 
drainage  basin  was  cla;;s ified.  This  same  percentage  was  applicable  throughout  the  entire 
Patuxent  watershed  !n  general,  the  remaining  areas  unclassified  were  agricultural  or  open 
areas  possessing  sliglt'y  different  multispectral  signatures  than  the  eight  basic  themes. 

These  remaining  areas  „are  not  readily  incorporated  into  the  basic  themes  using  the  single 
parallelepided  classification  system. 

An  iiiiportant  factor  usually  required  by  most  hydrologic  models  is  an  estimate  of  the 
percent  of  imperviousness  of  a watershed.  Using  data  and  techniques  from  Ref.  6 and  Ref.  7, 
respectively,  an  esti'tia»e  of  percent  of  imperviousness  of  5.0%  for  the  Western  Branch  drain- 
age basin  was  obtained.  The  technique  used  the  percentages  of  LANDSAT  residential  and  urban 
themes  (12%  and  .25%)  a d weighting  factors  of  40%  for  residential  and  90%  for  urban.  The 
percentage  imperviousie  s was  calculated  by 

(12.)(.4)  + (.25)(.9)  = 5.0% 

The  corresponding  imperviousness  for  the  U-2  data  for  Western  Branch  was  4.7%. 

Three  training  sites  were  selected  to  develop  the  multiband  floodprone  theme.  Ground 
truth  surveys  in  these  sites  have  shown  this  theme  to  have  the  combined  spectral  reflectance 
of  standing  water  or  wet  soils  and  dormant  deciduous  bottomland  trees.  This  floodprone 
theme  on  both  LANDSAT  and  U-2  data  was  referenced  to  a digitized  standard  USGS  floodprone 
area  boundary  map  as  shown  in  Figure  5.  Figure  6 shows  the  U-2  derived  floodprone  theme 
without  the  boundary  map.  When  this  theme  was  extended  to  another  working  scene  and  compared 
to  the  appropriate  floodprone  map  in  Figure  7,  the  visual  correlation  was  good.  Some  major 
areas  of  discrepancy  within  the  floodprone  boundaries  were  field  checked  and  estimated  to 
be  not  floodprone  on  the  basis  that  they  did  not  flood  during  the  greater  than  100  year  flood 
/ent  produced  by  Hui  i^icane  Agnes  in  1972.  The  particular  areas  checked  were  a golf  course 
near  Laurel,  Maryland  and  open  areas  'protected  from  flooding  by  elevated  roads  in  the  Patuxent 
Wildlife  Center.  Areas  outside  tiie  loodplain  having  combinations  of  surface  water,  moist  soils, 
and  dormant  vegetation  similar  to  the  floodprone  areas  will  be  detected  as  possessing  the 
floodprone  signature  as  tan  be  seen  in  Figure  5 and  must  be  considered  separately. 


CONCLUSIONS 

Significant  land  use  categories  consisting  of  water,  wetlands,  forest,  residential,  urban, 
bare  fields,  cropland/pasture  and  extractive  relative  to  the  Patuxent  River  watershed  were 
developed  and  classified  into  themes,  Aoplication  of  the  themes  throughout  the  watershed 
have  resulted  in  over  ninety  percent  iJ0%)  area  classification.  Distribution  of  these  themes 
has  been  illustrated  photographic. ' ly  at  a scale  of  1:62,500.  Assuming  the  watershed  area  to 
be  2330  km^,  the  appro>imate  C'  : of  theme  mapping  the  watershed  using  LANDSAT  data  was 
$4.30/km2  based  on  the  rate  of  $250/hour  for  the  interactive  system  employed  plus  manpower 
and  photographic  procession  costs. 

Comparison  of  resu.cs  using  LANDSAT  and  digitized  U-2  data  for  theme  mapping  the  Western 
Branch  sub-basin  sho'-  an  average  theme  area  deviation  of  about  21.  In  general,  LANDSAT  data 
yield  larger  theme  ...eas  than  U-2  data  because  of  differences  in  resolution  and  date  of  data 
acquisition.  Usi  ig  the  derived  residential  and  urban  theme  areas  from  LANDSAT  an  estimated 
basin  imperviousness  of  5%  was  obtained. 


23,:; 


f 


Delineation  of  a floodprone  area  theme  using  both  LANOSAT  and  U-2  data  has  also  been 
accomplished  for  the  watershed.  This  theme  was  transferred  to  digitized  USGS  1:24,000  scale 
floodprone  boundary  maps.  On  a regional  basis  this  theme  can  be  used  for  updating  or 
checking  floodprone  areas  as  well  as  monitoring  developmental  changes. 

Substantial  savings  in  data  collection  and  processing  have  been  achieved  using  LANDSAT 
information  and  machine  processing.  State  and  local  agencies  have  participated  and  are 
currently  evaluating  results.  This  satellite  assisted  land  use  classification  is  considered 
economical  and  provides  current  data  for  the  operation  of  hydrologic  models  used  for  predict- 
ing watershed  runoff  response. 


REFERENCES 


1.  Rango,  A.  and  A.  T.  Anderson,  Flood  Hazard  Studies  in  the  Mississippi  River  Basin  Using 
Remote  Sensing,  Water  Resources  Bulletin,  Vol . 10,  No.  5,  pp  1060-1081,  1974. 

2.  Marker,  G.  R.,  The  Delineation  of  Floodplains  Using  Automatically  Processed  Multispectral 
Data,  Technical  Report  RSC-60,  Texas  ASM  University,  Remote  Sensing  Center,  College 
Station,  Texas,  227  pp,  1974. 

3.  Maryland  Environment  Service,  The  Patuxent  River  Basin  Water  Quality  Management  Plan, 

Vol.  1,  State  of  Maryland,  draft  April  1974. 

4.  Marsh,  L.,  The  Patuxent:  Our  Forgotten  River,  Washington  Star-News,  p 12,  August  19,  1973. 

5.  Wagner,  T.  and  Rebel,  D.,  An  ERTS-1  Investigation  for  Lake  Ontario  and  Its  Basin,  Final 
Report,  NAS  5-21783,  NASA,  Goddard  Space  Flight  Center,  Greenbelt,  Maryland  113  pp., 

April  1975. 

6.  Soil  Conservation  Service,  U.S.  Department  of  Agriculture,  Urban  Hydrology  for  Small 
Watersheds,  Technical  Release  No.  55,  p 2-5,  January  1975. 

7.  Ealy,  C.  D.,  Ragan,  R.  M.,  and  McCuen,  R.  H.,  Resource  Identification  Studies  on  Urban 
Watersheds  Using  Anacostia  River  Basin  as  An  Example,  Progress  Report  NSG5017,  NASA, 

Goddard  Space  Flight  Center,  Greenbelt,  Maryland,  January  1975. 


UPPER  WESTERN  BRANCH  DRAINAGE  BASIN 
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LANDSAT  AND  U-2  IMAGERY  DATA  AS  SOURCES  FOR  UPPER  WESTERN  BRANCH 
DRAINAGE  BTISIN  LAND-USE  AREA  MEASUREMENTS 
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Figure  3 


LA.NDSAT  Working  Scene,  Half  Resolution,  Upper  Western  Branch 
Drainage  Basin,  Distribution  of  Land-Use 
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U2  Digitized  Data,  Working  Scene  Upper  Western  Branch  Drainag 
Basin,  Distribution  of  Land  Use 

Yellow  : Forest 

Dark  Blue  ; Bare  Fields 

Pink  : Residential 

Gray  : Uraan 

Rjrple  : Cropland/pijsture 


Figure  5.-  LANDSAT  Working  Scone,  Half  Resolution,  Flood- Rrone  Area  Theme  with 
Digitized  Flood- Rrono  Boundary  Map,  Laurel  Maryland 
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LAND  USE  CLASSIFICATION  FOR  HYDROLOGIC  MODELS  USING  INTERACTIVE  VV-14 

MACHINE  CUSSIFICATICM<  OF  LANDSAT  DATA 

Thomas  J.  Jackson,  Robert  M.  Ragan,  Richard  H.  McCuen 
Civil  Engineering  Department,  University  of  Maryland 
College  Park,  Maryland  20742 

ABSTRACT  N76-17601 

Models  designed  to  simulate  the  hydrology  of  urban  areas  require  input  parameters 
describing  the  land  use  and  degree  of  imperviousness  of  the  watershed.  Unfortunately,  the 
magnitude  and  spatial  distribution  of  these  parameters  are  rather  difficult  to  estimate 
when  a large  watershed  is  involved.  Trade-offs  between  accuracy  of  the  model  parameters 
and  the  time  or  money  available  for  their  determination  must  be  made.  Because  of  the 
necessity  of  such  trade-offs,  a study  was  developed  to  investigate  the  use  of  computer  aided 
analysis  of  LANDSAT  multispectral  data  in  estimating  percent  of  imperviousness  and  associated 
land  uses  needed  in  urban  hydrologic  modeling.  An  interactive  computer  was  used  to  delineate 
seven  land  use  classifications  in  the  342  sq.  km.  Maryland  portion  of  the  Anacostia  River 
Basin  from  LANDSAT  data.  These  results  compared  fa^'orably  with  those  of  an  earlier  study 
which  obtained  the  same  information  through  analysis  of  aerial  photographs  having  a scale 
of  1:4800.  Approximately  94  man  days  were  required  to  complete  the  land  use  analysis  using 
:he  aerial  photographs  while  less  than  three  man  days  were  required  to  accomplish  similar 
tasks  using  the  LANDSAT  data. 


INTRODUCTION 

Traditionally  the  planning  and  design  of  Urban  Drainage  Systems  focused  on  the  simple 
objectives  of  removing  runoff  from  an  area  as  quickly  and  as  efficiently  as  possible. 

Today,  socio-economic  and  water  quality  considerations  require  that  planning  and  design  be 
conducted  within  the  framework  of  an  overall  stormwater  management  system.  Consideration 
must  be  given  to  the  protection  of  downstream  land  uses  through  such  Innovations  as  on- 
site detention  storage,  adjusting  the  timing  of  runoff  through  channel  modification,  and 
provisions  for  minimizing  changes  in  water  quality.  These  more  sophisticated  design  and 
planning  requirements  have  led  to  the  development  of  a number  of  computer-based  mathematical 
models  intended  to  simulate  both  the  quantity  and  quality  of  runoff  from  urban  areas.  These 
models  vary  in  their  structure  and  some  are  considered  primarily  as  planning  tools  while 
others  are  much  more  detailed  and  intended  for  design  purposes.  Regardless  of  the  particular 
structure  of  the  model,  all  require  land  use  information  that  is  translated  into  hydrologic 
parameters  needed  as  inputs. 

Percent  of  imperviousness  is  perhaps  the  most  important  of  these  hydrologic  parameters 
because  it  is  an  indication  of  the  proportion  of  the  drainage  area  from  which  surface  run- 
off contributes  directly  to  increased  runoff  rates  in  downstream  areas.  In  an  urban  area, 
the  percent  of  imperviousness  reflects  the  fraction  of  the  watershed  that  is  covered  by 
paving,  roof  tops,  etc. 

One  common  approach  in  estimating  imperviousness  is  to  delineate  the  various  land  uses 
from  a map  or  aerial  photograph  and  assign  an  average  itnperviousness  to  each  based  on  surveys 
such  as  that  conducted  by  Stankowski  (1).  Planimetering  the  paved  areas  and  roof  tops  from 
aerial  photographs  is  perhaps  the  most  accurate,  but  also  the  most  time  consuming  and  ex- 
pensive approach  to  the  problem.  The  accuracy  of  planimetering  is  not  required  when  the  re- 
latively low  accuracy  of  the  other  model  Inputs  is  considered. 
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Unfortunately,  development  of  land  use  information  and  its  translation  into  model 
parameters  is  a difficult  and  time  consuming  task,  especially  when  a large  watershed  is 
involved.  It  is  not  uncommon  for  this  phase  of  a study  to  require  more  man-hours  than 
running  the  model  and  interpreting  its  results.  Thus,  trade-offs  between  accuracy  of  the 
model  parameters  and  the  time  or  money  available  for  their  estimation  must  be  made.  Because 
of  the  necessity  of  such  trade-offs,  a study  was  developed  to  investigate  the  problems 
associated  with  the  use  of  satellite  data  in  estimating  percent  of  imperviousness  and  other 
information  of.  importance  in  urban  hydrologic  modeling.  Specifically,  the  use  of  com- 
puter aided  analysis  of  data  collected  by  the  Multisprectral  Scanner  sub-systems  (MSS) 
on  LANDSAT  was  studied.  The  distribution  of  imperviousness  and  associated  land  uses  for  the 
3A2  sq.  km.  (132  sq.  mile)  Maryland  portion  of  the  Anacostia  River  Basin  were  estimated  from 
the  LANDSAT  data.  These  results  were  then  compared  with  those  of  an  earlier  study  that 
obtained  the  same  information  through  analysis  of  aerial  photographs  having  a scale  of  1:4800. 

LARGE  SCALE  AERIAL  PHOTOGRAPHIC 
STUDY  OF  ANACOSTIA  RIVER  BASIN 

During  the  period  July  1972  through  August  1973,  the  Department  of  Civil  Engineering 
of  the  University  of  Maryland  conducted  a resource  identification  study  of  the  Anacostia 
River  Basin  for  the  Maryland  Department  of  Natural  Resources  (2)  . The  Anacostia  joins  the 
Potomac  River  in  the  southern  part  of  Washington,  D.  C.  A part  of  the  Anacostia  study  was 
concerned  with  the  identification  of  land  use  through  interpretation  of  1:4800  aerial  photo- 
graphs taken  in  1971  and  1972.  The  approach  was  to  lay  out  a rectangular  grid  on  trans- 
parent mylar  to  represent  an  array  of  610  meter  (2000  ft.)  square  data  cells.  At  this  scale, 
each  data  cell  was  a 127  cm  (5  in.)  square  and  contained  109  sampling  points  at  1.3  cm  (0.5  in) 
centers.  Ten  land  use  categories  directly  under  each  sampling  point  were  identified.  The 
ten  categories  were: 

1.  single  family  detached  dwelling  units 

2.  multi-family  dwelling  tmits 

3.  commercial  or  industrial  structure 

4.  parking  lot 

5.  street  or  highway 

6.  forested  land 

7.  agricultural  land 

8.  grass 

9.  contributing  water  body 

10.  non-contributing  water  body 

The  percentage  of  a data  cell  devoted  to  a given  land  use  was  determined  from  the 
number  of  sampling  points  covering  that  particular  classification.  Categories  1-5  con- 
tributed to  the  imperviousness  of  the  watershed.  The  percent  of  imperviousness  of  a data 
cell  was  estimated  from  the  number  of  sampling  points  it  contained  that  were  classified  as 
categories  1-5.  The  average  imperviousness  of  the  watershed  was  found  to  be  23.5%. 

Land  use  under  the  92,400  sampling  points  in  parts  of  929  data  cells  was  tabulated. 

This  information  was  punched  onto  cards  for  computer  aided  statistical  analysis  and  mapping 
using  the  SYMAP  routine  on  a UNIVAC  1108.  Column  2 of  Table  I shows  the  distribution  of 
land  uses  in  the  Maryland  portion  of  the  1:4800  Anacostia  River  Basin  as  estimated  from 
the  aerial  photographs. 

LAND  lISF.  DFLINEATIONS  FROM  LANDSAT  COMPUTER  COMPATIBLE  TAPES 

A Hiltispectral  Scanner  senses  a portion  o.  the  electromagnetic  energy  reflected  or 
emitted  by  features  on  the  earth's  surface.  The  LANDSAT  MSS  separates  the  energy  it  re- 
ceives into  four  spectral  bands,  green  through  near  infrared.  Energy  detected  in  each 
band  is  converted  to  digital  form  and  transmitted  to  ground  receiving  stations  which 


record  the  data  on  coaputer  conpatible  tapes  (CCT).  The  smallest  area  on  which  the  energy 
is  integrated  and  measured  is  termed  a “pixel'*.  In  the  LANDSAT  System  a pixel  covers  nw 
area  of  approximately  1.13  acres. 

Initial  phases  of  the  Study  showed  that  use  of  photographic  images  of  LANDSAT  scenes 
could  not  provide  the  Infonaation  needed  for  urban  hydrologic  models  (3).  Data  on  the  CCT 
can  be  better  utilized  in  the  irban  environment  if  the  tape  is  loaded  into  a computer  that 
has  been  programmed  to  accept  and  analyze  LANDSAT  MSS  data.  The  computer  is  not  only  able 
to  store  all  of  the  information  available  on  the  CCT.  it  is  also  programmed  to  aid  the  uner 
in  classifying  features  and  land  uses. 

One  approach  in  computer  classification  is  directed  toward  automatic  procedures  that 
delineate,  with  minimal  human  intervention,  areas  having  a particular  land  use.  A second 
approach,  the  one  used  in  the  present  study,  is  interactive.  This  latter  approach  centers 
on  the  user  defining  a training  site  on  the  scene  displayed  from  the  CCT  on  a color  cathode 
ray  tube  (CRT).  The  training  site  encloses  the  pixels  representing  an  area  whose  land  use 
is  known  from  ground  observations  or  aerial  photography.  At  least  two  alternate  areas  with 
the  same  and  slightly  different  land  uses  are  also  located.  The  computer  then  assigns  a 
false  color  to  all  pixels  in  the  scene  that  have  the  same  spectral  characteristics  as  those 
enclosed  in  the  training  site.  By  examining  alternate  areas  for  which  ground  truth  is 
available,  the  user  is  able  to  modify  the  pixel  range  to  better  define  the  areas  of  the 
scene  that  are  devoted  co  the  particular  land  use  under  investigation. 

The  interactive  computer  used  in  the  study*  was  located  in  Beltsville,  Maryland.  The 
approach  was  to  display  a four  band  composite  of  the  April  9,  1973  scene  of  the  Washington, 
D.C.  area  on  the  color  CRT  at  a scale  of  approximately  1:100,000.  Training  sites  and 
alternate  areas  were  determined  by  examination  of  a 1:24000  enlargement  of  a high  altitude 
color  infrared  photograph  taken  with  a NASA  U-2  aircraft. 

TWO  sessions  with  the  interactive  computer  were  used  in  the  study.  During  the  first, 
the  entire  scene  shown  as  Figure  1 was  classified.  In  two  hours  of  computer  time,  seven 
land  uses  were  delineated.  These  classifications  were:  1)  commercial-industrial-large  park- 
ing lot;  2)  recent  residential;  3)  old  residential;  4)  forested;  5)  sand  and  gravel  opera- 
ion  (extractive);  6)  grass  land;  and  7)  wetlands.  Only  the  first  three  categories  were  con- 
sidered to  contribute  to  the  imperviousness  of  the  watershed. 

The  terms  old  and  new  residential  are  chosen  for  convenience.  The  old  residential 
type  is  primarily  single  unit  housing  with  weathered  roofing  and  moderate  foliage  cover, 
it  is  refered  to  as  old  because  the  characteristics  are  typical  of  pre-1950's  developments. 
The  new  residential  is  single  and  some  multi-family  housing  with  more  reflective  roofing  and 
little  foliage  cover.  The  characteristics  of  the  new  residential  class  are  typical  of  most 
recent  housing  projects. 

Thirty-five  mm  color  slides  were  made  of  the  various  classified  land  use  distributions 
displayed  on  the  computer  CRT.  These  were  then  projected  onto  1:100,000  base  maps  of  the 
Anacostia  River  Basin  so  the  land  u>es  could  be  outlined.  It  was  necessaiy  to  project  on^o 
small  portions  of  the  watershed  nap  at  a time  because  of  distortions  created  by  photographing 
the  curved  surface  of  the  CRT. 

Subsequent  examination  of  the  alphanumeric  printout  from  the  computer  revealed  that 
a significant  number  of  the  pixels  in  the  scene  had  not  been  classified.  This  problem  is 
attributed  to  the  optics  of  the  color  CRT.  The  screen  displays  light  colors  that  “bloom" 
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on  a dark  background  to  give  an  illusion  of  complete  coverage. 

A second  session  was  then  conducted  on  the  interactive  computer.  During  the  Interim 
between  the  two  sessions,  a screen  projector  had  been  added  to  the  hardware  of  the  computer 
A transparent  map  of  the  Anacostia  River  Basin  was  loaded  into  the  projector  and  overlayed 
cato  the  color  CRT  display  of  the  LANDSAT  scene.  A cursor  was  then  used  to  isolate  the 
watershed  from  the  rest  of  the  scene.  This  second  session,  which  required  less  than  one 
hour,  resulted  in  the  classification  of  93%  of  the  pixels  within  the  watershed.  The  re- 
sulting land  use  distribution  was  displayed  on  the  CRT  as  shown  in  Figure  2. 

By  isolating  the  watershed  from  the  rest  of  the  scene,  a listing  of  the  pixel  counts 
assigned  to  each  class  could  be  used  to  determine  the  percentages  devoted  to  the  various 
land  uses.  The  distribution  of  the  land  use  obtained  from  the  pixel  counts  is  shown  as 
Column  3 of  Table  I. 

The  results  of  the  second  session  agree  quite  well  with  those  of  the  first.  Recalling 
that  the  first  session  used  the  "blooming”  to  fill  in  unclassified  pixels  and  that  the 
second  session  result  sas  close  to  100%  classified  the  close  agreement  is  interest!. 

Estimating  the  percent  imperviousness  from  the  LANDSAT  data  was  based  on  the  assign- 
ment of  a representative  imperviousness  to  the  contributing  classifications.  Areas  classed 
as  commercial-industrial-parking  lot  were  assumed  to  be  90%  impervious.  A S0%  imperviousness 
was  chosen  to  represent  the  recent  residential  land  use.  This  value  was  selected  after  ex- 
amining several  data  cells  from  the  1:4800  aerial  photographs  that  included  both  single  and 
multi-unit  recent  housing.  The  imperviousness  of  these  cells  varied  between  45%  and  50%. 
Similar  cells  encompassing  old  residential  land  use  gave  imperviousness  between  3.5%  and 
47%.  An  imperviousness  watershed  of  40%  was  chosen  to  represent  the  old  residential  housing 
classification.  The  imperviousness  based  on  the  pixel  counts  assigned  to  the  three  contri- 
buting land  use  classes  was  3.5.5% 

An  areal  distribution  of  the  imperviousness  within  sub  watersheds  was  developed  from 
a grid  delineating  610  m (200  ft.)  squares  laid  out  on  tran.sparcnt  mylar  and  overlaid  on 
a 1:100,000  map.  The  LANDSAT  land  use  distributions  had  been  drawn  on  the  map.  The  portion 
of  “ach  cell  occupied  by  the  three  land  uses  contributing  to  imperviousness  was  determined. 
This  is  a routine  widely  used  by  urban  and  regional  planners  to  determine  percentages  devoted 
to  various  land  uses.  As  an  example,  suppose  a particular  cell  was  occupied  by  30%  recent 
housing,  20%  old  residential,  and  10%  industrial-commercial  land  use.  The  remaining  forty 
percent  is  distributed  among  classifications  4-7.  The  percent  imperviousness  in  this 
particular  grid  square  would  be  estimated  on  a weighting  basis  as 

.3(50)  ♦ .2(40)  + . 1(90)  = .52%. 

DISCUSSION  OF  RESULTS 

The  distribution  of  land  uses  from  the  two  sources  shown  in  Table  I arc  in  good  agree- 
ment. Estimated  imperviousno.sscs  arc  25.5%  from  LANDSAT  and  23.5%  from  the  large  scale 
aerial  photographs.  Approximately  94  man  days  were  required  to  complete  the  land  use  study 
using  the  1:4800  aerial  photographs.  Less  th.m  three-  man  days  were  required  to  accomplish 
similar  tasks  using  the  LAND.SAT  data.  Although  no  records  were  kept  concerning  the  computer 
time  required  to  analyze  and  map  the  information  obtained  from  the  aerial  photographs,  it 
was  several  times  greater  than  the  interactive  computer  time  needed  for  the  1.ANDSAT  approach. 

The  3't2  sq.  km.  watershed  land  uses  wore  defined  by  92,400  sampling  points  on  the 
1:4800  aerial  photographs  and  63,885  pixels  on  thi-  LA.NDSAT  CCT.  When  dealing  with  such 
large  sample  sizes,  it  is  not  uncommon  to  be  abli  ,o  give  a good  estimate  of  the  mean.  In 
urban  hydrology  much  smaller  watersheds  usually  serve  as  the  modeling  elements.  Because  of 
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the  need  to  model  sub  watersheds  the  distribution  of  the  tmpcrviousness  within  sub-areas  of 
a watershed  may  be  of  more  importance  than  the  overall  average.  As  a qualitative  comparison. 
Figure  3 shows  the  distribution  of  percent  imperviousness  estimated  from  LANDSAT  and  the  low 
level  aerial  photography.  Each  block  represents  the  results  obtained  in  the  610  m (2000  ft) 
square  cell.  The  overall  distribution  appears  to  be  good.  Still,  a cell  by  cell  agreement 
can  not  be  achieved  because  it  was  not  possible,  at  the  present  time,  to  define  the  exact 
boundaries  of  the  data  cells  from  the  aerial  photograph  sampling  on  the  LANDSAT  scene.  Thus, 
a part  of  a land  use  included  in  one  data  cell  in  Figure  3a  may  be  in  one  or  more  adjacent 
cells  in  Figure  ,3b. 

In  an  effort  to  gain  some  insight  into  the  effect  of  siib-watershetl  size  on  the  agreement 
between  the  two  approaches,  a series  of  25  paired  data  cell  groups  were  selected  from  the 
numerical  data  which  was  used  to  prepare  Figures  3a  and  .3b,  First,  25  data  cells,  each 
representing  0.36  sq.  km  (0.14  sq  mi),  were  randomly  selected  from  the  LANDSAT  result-s.  The 
corresponding  25  colls  from  the  aerial  photograph  re.sults  were  then  located.  Linear  regress- 
ion analysis  of  the  25  paired  cells  gave  a correlation  coefficient  of  0.62.  The  process 
was  repeated  with  sub-areas  having  4,  9,  16  and  25  data  cells  each.  These  groupings  of 
data  cells  corresponded  to  sub-areas  of  1.48,  3.34,  5.9.3,  and  9.30  sq.  km.  (0.57,  1.29,  2.29, 
and  3.59  sq.  miles)  respectively.  The  correlation  coefficients  and  the  standard  error  of 
estimates,  as  percent  of  imperviousness  are  presented  in  Table  II. 

Figures  4 and  5 arc  presented  as  a qualitative  comparison  between  the  LANDSAT  results 
and  those  obtained  by  the  U.S.  Geological  Survey  (USGS)  as  part  of  the  Census  Cities  Program. 
The  USGS  land  use  study  involved  aircraft  as  well  as  satellite  sensors. 

Figure  4 compares  the  industrial-commerical- large  parking  lot  class  of  the  LANDSAT  study 
against  the  Livelihood  Class  of  USGS.  The  USGS  classification  includes  "Primarily  Industry", 
"Extractive  Industry",  "Commercial"  and  "Services".  There  are  several  areas  of  disagreement. 
For  example,  the  LANDSAT  approach  showed  only  the  heavily  impervious  portions  of  a Commercial 
Service  area  while  the  U.SGS  might  "nclosc  a much  larger  area  because  tiiey  would  Include  t!ie 
grassed  or  wooded  areas  on  the  property.  A particular  case  is  the  Naval  Surface  Weapons 
Laboratory.  The  lANDSAT  approach  showed  only  scattered  pixel  from  the  areas  involving 
parking  lots  or  buildings  while  the  USGS  enclosed  the  open  space  and  a golf  course  on  the 
property. 

The  LANDSAT  approach  also  assigned  highrise  appartments  and  some  dense  town  houses 
centering  on  large  parking  lots  to  the  industrial-commcrcial-parking  lot  class.  Such  an 
assignment  would  be  unacceptable  in  land  use  pl.inning,  hut  it  is  probably  of  little  con- 
sequence in  hydrology.  The  upper  Northwest  portion  of  the  IJVND.SAT  classifications  on  Figure 
5 shows  many  pixels  defined  as  residential.  The  USGS  classed  the  Northwest  portion  above 
the  dotted  line  in  Figure  5b  as  "Agriculture  with  Residence".  Thus,  there  is  probably  better 
agreement  than  one  would  initially  suspect.  The  LANDSAT  pixels  classed  residential  were 
clusters  of  farm  buildings,  etc. 

POTENTIAL  U.SH  IN  URBAN  HYDROLOGIC  MODELING 

Agreement  between  the  results  of  the  I.ANDSAT  and  1:4800  aerial  photographic  studios  on 
the  Anacostia  River  Basin  were  good.  It  is  believed  that  classification  accuracy  is 
sufficient  for  use  in  hydrologic  planning  models.  As  an  example  of  what  might  be  done,  an 
examination  of  how  I.ANDSAT  data  could  be  used  in  the  recently  developed  Soil  Conservation 
Services  (SCS)  Urban  Hydrologic  Model  was  undertaken. 

Table  III,  reproduced  from  (4) , is  a matrix  relating  urb.ui  and  non-urban  land  uses  to  a 
Curve  Number,  a form  of  runoff  coefficient  defined  by  the  Soil  Conservation  Service.  Present 
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techniques  available  for  analysis  of  the  LANDSAT  CCT's  are  not  able  to  differentiate  among 
some  of  these  Sr'j  classifications.  In  an  effort  to  substitute  a classification  scheme 
that  would  be  consistent  with  LANDSAT  capabilities.  Table  IV  was  developed.  The  curve 
numbers  of  Table  IV  were  computed  from  those  of  the  more  extensive  classification  of  Table 
III.  "Grassed  Open  Space",  for  example,  was  considered  to  be  an  average  of  "Good  Pasture", 
"Good  Meadow",  and  "Good  Condition  Lawns,  Parks,  Golf  Courses,  etc.".  Thus,  for  Soil 
Group  A,  the  curve  number  was  obtained  as 

(Pasture  (39)  + Meadow  (30)  ♦ Lawn-Parks  (39)  )/3  = 36. 

Residential  land  use  curve  numbers  were  estimated  by  assuming  the  areas  within  this  class- 
ification to  be  40%  impervious  for  the  "Old"  and  50%  for  the  "New".  These  imperviousnesses 
are  on  the  high  side  because  of  an  inability  to  differentiate  between  single  and  multi-unit 
housing  such  as  garden  apartments.  The  "good"  classifications  of  Table  III  were  used  to 
represent  the  pervious  portions  of  each  of  the  alternate  classes  of  Table  IV  because  it 
was  assumed  that  urban  land  uses  would  generally  be  well  managed. 

The  curve  numbers  obtained  with  Table  IV  agree  quite  well  with  all  the  examples  included 
in  (4).  A comparison  of  the  Table  IV  approach  with  the  results  of  Example  2-3  that  appears 
on  pages  2-7  and  2-8  of  (4)  is  presented  as  an  Appendix. 

C(»:CLUSI0N 

Data  collection  expenditures  should  be  reflective  of  the  importance  of  the  particular 
parameter  in  the  urban  hydrologic  model.  The  Anacostia  Study  has  shown  that  LANDSAT  data 
interpreted  on  an  interactive  system  is  an  effective  method  for  determining  the  percent  of 
impervious  area  and  related  land  uses.  Use  of  LANDSAT  tapes  to  estimate  percent  of 
imperviousness  for  sub-watersheds  at  least  as  small  as  1.5  sq.  km  (0.6  sq.  mi)  appears 
justified.  A major  advantage  of  the  LANDSAT  approach  is  the  minimal  man-hours  required  in 
comparison  with  an  aerial  photographic  approach  when  working  on  large  watersheds. 

There  are  many  instances  where  parameters  are  required  as  model  imputs  which  LANDSAT 
may  not  be  able  to  provide  directly  In  fact,  it  is  doubtful  that  any  single  remote  sensing 
platform  can  define  all  the  input  data  needed  for  some  models.  In  such  cases  prediction 
equations  may  be  used  to  estimate  those  other  parameter  values- 
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TABLE  I 

PERCENT  OF  WATERSHED  DEVOTED  TO  SPECIFIED  LAND  USE 


1 

2 

Land  Use 

Large  Scale  Aerial  Photo 

Forest 

30.7 

Industrlal-Conmerclal-Parklng  Lot 

4.9 

Pasture-Gr  s Park 

8.5 

Residential 

44.9 

Roadways 

9.9 

Extractive 

N.C. 

Stream 

1.0 

Pond  or  Pool 

.1 

Unclassified  Pixels 

— 

C.  - Not  Classified 


3 

LANDSAT 


TABLE  II 


AGREEMENT  BETWEEN  ESTIMATES  OF 
IMPERVIOUSNESS  AS  FUNCTION  OF 
SUB-AREA  SIZE 
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TABLE  III  - RUNOFF  CURVE  NIWBERS  for  SELECTED  LAND  USES 
(Table  2-2,  Pg.  2-5  of  Ref.  4) 
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TABLE  IV  - RUNOFF  CURVE  NUMBERS  FOR  LANDSAT  LAND  USE  DEIINEATIONS 

riydrologic  Soil  Croup 


l.and  Use  Description 
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C 
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FIGURE  3 

DISTRIBUTION  OF  IMPERVIOUSNESS  AS  DETERMINED  BY  LANDSAT  AND  LARGE  SCALE  AERIAL  PHOTOGRAPHS 


lASnSAT  .VNP  uses  CHNSIIS  CITir.S  bWP  USE  PISTRIBUTIONS 


APPENDIX 


Comparison  of  Table  III  and  IV  Approaches  to  Curve  Number  Estimation 

Example  Problem  2-3,  pages  2-7  and  2-8,  SCS  Tech  Release  Number  55  (4) 

Compute  the  runoff  curve  number  for  a 1,000-acre  watershed.  The  hydrologic  soil  group  is 
50  percent  B and  50  percent  C interspersed  throughout  the  watershed.  The  land  use  is: 

a)  40  percent  residential  area  that  is  30  percent  impervious 

b)  12  percent  residential  area  that  is  65  percent  impervious 

c)  8 percent  paved  roads  with  open  ditches 

d)  10  percent  paved  roads  with  curbs  and  storm  sewers 

e)  16  percent  open  land  with  50  percent  fair  cover  and  50  percent  good  cover 

f)  14  percent  parking  lots,  plazas,  schools,  etc.  (all  impervious) 

Approach  Using  Tabic  111 


Hydrologic 

soil  group 

Land  use 

B 

1 

Pet. 

CN 

Product 

IT  . 

CN 

I’roduct 

Residential  (30  pet.  Impervious) 

20 

72 

1,44C 

20 

81 

1,620 

Residential  (65  pet.  impervious) 

6 

85 

510 

6 

90 

540 

Roads  with  open  ditches 

4 

89 

356 

4 

92 

368 

Roads  with  curbs  and  sewers 

5 

98 

490 

5 

98 

490 

Open  land: 

Fair  cover 

4 

69 

276 

4 

79 

31 6 

Good  cover 

4 

61 

244 

4 

74 

296 

Parking  lots,  plazas,  etc. 

7 

98 

686 

/ 

98 

• 

686 

50 

4,002 

50 

4,316 

Thus 


Wei^I'ted  CN  = 


4,002  ♦ 4,316 

fdo 


= 83,18  (use  83) 
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Approach  Using  Table  IV 


Categories  a)-d)  cover  70%  of  the  watershed  and  would  have  alt  been  classed  as 
Residential:  Froa  Table  IV  CN  « (77  « 8S)/2  - 81 

Category  e)  would  be  16%  Grassed  Open  Space 

CN  « (50  ♦ 73)/2  = 67 

Category  f)  would- b'p  Cpmercial-Industrial-Parking  Lot 
CN  « 93 

Weighted  Curve  Niaaber 

CN  = .7(81)  ♦ .16  (67)  ♦ .14  (93)  = 

* 56.7  ♦ 10.7  ♦ 13 

80.4  (use  80) 


2378 


REMOTE  SENSING  TECHNIQUES  FOR  PREDICT, 
OF  IVATERSIIED  RUNOFF^ 


W-15 


Bruce  J.  Blanchard- 
Texas  AfiM  University 
College  Station,  Texas 


ABSTRACT 


N76-17602 


Hydrologic  parareters  of  watersheds  for  use  in 
raathemat ical  models  and  as  design  criteria  for  flood  de- 
tention structures  are  sometimes  difficult  to  quantify 
using  conventional  measuring  systems.  Hit  advent  of  i:ew 
remote  sensing  devices  developed  in  the  past  decade  offers 
tne  possibility  that  watershed  characteristics  such  as 
vegetative  cover,  soils,  soil  moisture,  etc.,  may  be 
quantified  rapidly  and  economically. 

Experiments  with  visible  and  near  infrared  data 
from  the  LANDSAT-1  multispectral  scanner  have  indicated  a 
simple  technique  for  calibration  of  runoff  equation  coef- 
ficients is  feasible.  The  technique  was  developed  u.sii;g 
data  from  a scene  taken  in  a cry  fall  period.  U’lien  tested 
on  10  watersheds  in  the  Chickasha  area,  the  tecimique  using 


^Contribution  from  Texas  University,  College  dtatioi:, 
Texas,  the  iouthern  Region,  Soil,  IVatei  and  Air  Sciences, 
Agricultural  Research  Service,  ’JSDA,  in  c<:)Ope  rat  i on  witli  t'lr 
Xationa!  Aeronautics  and  Space  Administration;  and  the 
Oklahoma  Agricultural  H.xf  er  iment  Station,  Stillwater,  ')klahoi,:a. 

2 

Hydraulic  Engineer,  formerly  of  USDA-.ARS,  Chickasha, 
Oklahoma . 
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LANDSAT  data  produced  more  accurate  runoff  coefficients 
than  conventional  methods.  The  technique  worked  equally 
as  well  using  a dry  fall  scene  taken  one  year  later  over 
the  same  watersheds.  The  runoff  equation  coefficients 
were  then  predicted  for  22  subwatersheds  where  flood  dt* 
tcntion  structures  had  been  built.  Predicted  values  were 
again  more  accurate  than  the  coefficients  produced  by  con- 
ventional methods. 

A similar  approach  has  been  used  to  relate  passive 
microwave  antenna  temperatures  to  runoff  equation  coefficients 
by  using  data  froiu  the  Passive  Microwave  Imaging  System  (PMIS) 
mounted  in  tdo  NASA  P.SA  aircraft.  Eight  hignly  instrumented 
watersheds  in  the  Cliickasha  study  area  were  used  in  this 
study.  Results  show  runoff  equation  coefficients  from  these 
eight  small  watersheds  were  well  related  to  average  horizontal 
polarized  microwave  temperatures  in  the  dormant  season  and 
also  were  related  to  differences  in  horizontal  and  vertical 
polaiizeJ  temperatures  in  the  growing  season.  Study  of  these 
data  and  the  data  systems  indicate  that  passive  microwave 
oaterna  tejiiporavurcs  may  be  more  effective  throughout  the 
year  for  caiil'iation  of  watershed  runoff  coefficients  tiian 
systems  usir.g  \isiblc  and  near  infrared  ligiit. 


INTRODUCTION 


Demands  for  water  supply  and  protection  against 
loss  of  life  and  property  from  floods  have  increased  dra- 
matically in  recent  years.  Increased  agricultural,  urban, 
and  industrial  development  projected  for  coming  years  indi 
cates  that  the  development  of  improved  tcchni<iues  for 
watershed  management  and  flood  control  will  be  necessary 
in  the  next  decade. 

In  order  that  natural  rainfall  can  be  used  in  a 
most  beneficial  way,  it  has  become  imperotive  that  we  con- 
trol the  ivatev  from  the  time  it  falls  on  the  watershed 
surface  until  it  leaves  the  drainage  basin.  To  accomplisli 
this,  man  lias  developed  intricate  computer  program.^  for 
watershed  management,  applied  improved  technimies  in 
agriculture,  designed  flood  detention  and  flood  control 
works,  and  implemented  pollution-control  progreuns.  None 
of  these  can  be  effective  without  adequate  prediction  of 
runoff  from  watershed  areas. 

The  improvement  of  present  watersned  management 
techniques  is  primarily  dependent  or.  improvement  in  water- 
shed runoff  prediction.  There  are  two  general  types  of 
watershed  runoff  prediction  schemes,  fmpirical  mathematical 
models  have  been  used  to  predict  flood  flews  from  watersheds 
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since  the  early  days  of  hydrology.  Recently,  due  to  the 
advent  of  large  computers,  more  complex  models  to  mathe- 
matically represent  the  entire  hydrologic  cycle  over  a 
i>eriod  of  time  have  been  developed.  Both  the  simple  empirical 
storm  runoff  models  and  the  more  complex  continuous  models 
require,  as  input,  one  or  more  variables  that  are  at  present 
subjectively  measured  or  simply  estimated. 

At  our  present  state  of  the  art  in  hydrology,  both 
types  of  models  are  needed,  ft'hen  designing  flood  detention 
or  flood  control  devices  such  as  dikes  or  diversions,  it 
may  only  be  necessary  to  consider  extreme  hydrologic  events. 

A simple  empirical  model  for  flood  flow  prediction  may  be 
all  that  is  necessary  to  develop  the  design  criteria  and 
specify  the  size  of  structure  needed.  Tn  other  cases  where 
watershed  yield  or  water  quality  are  of  major  importance, 
the  added  cost  and  difficulty  of  using  a complex  watershed 
model  may  be  justified.  Thus,  both  types  of  models  are 
needed . 

Simple  models  may  require  only  one  or  two  parameters 
to  represent  the  state  of  the  watershed  surface,  while  the 
complex  models  may  require  as  many  as  20  parameters  as  input. 
Rstimating  these  parameters  from  measurements  on  or  near 
the  watershed  drainage  area  can  be  a major  problem.  Hydro- 
logic  measurements  c llcctcd  with  conventional  methods  represent 


a point  in  tine  at  a point  in  or  near  a watershed.  Extrap* 
olating  such  measurements  to  a realistic  measurement  that 
is  appropriate  for  part  or  all  of  the  watershed  drainage 
area  is  difficult  and  leads  to  errors  in  the  prediction  of 
runoff  by  either  type  model. 

The  simplest  empirical  storm  runoff  models  require 
a measurement  to  represent  the  influence  of  soil  cover  com- 
plex over  the  surface  of  the  drainage  area  and  some  measure- 
ment of  the  antecedent  moisture  conditions  at  the  beginning 
of  a storm.  If  a rainfall  record  is  available  for  a point 
in  or  adjacent  to  tiie  watershed,  antecedent  moisture  con- 
ditions can  be  readily  calculated  by  conventional  techniques. 

To  derive  a measure  of  the  soil  cover  complex,  however,  with 

conventional  methods,  the  hydrologist  must  visit  each  field 

or  area,  identify  the  hydrologic  classification  of  the  soil, 

classify  the  crops  on  each  soil,  and  index  each  soil  crop 

area.  A tabulated  value  for  the  runoff  coefficient  is  then 

selected  by  the  hydrologist  to  represent  that  area.  After  | 

mapping  and  assigning  runoff  coefficients  to  each  soil  cover  ' 

I 

area,  the  coefficients  are  weighted  by  area  to  arrive  at  a | 

i 

weigiited  mean  runoff  coefficient  that  represents  the  entire  | 

drainage  area.  The  method  is  tedious  and  subjective,  however  | 

this  system  is  widely  used  by  practicing  hydrologists  for  | 

j 

lack  of  a better  system.  ; 

i 

I 

I 
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Complex  watershed  models  may  require  the  estimation 
of  as  many  as  20  parameters.  Many  of  these  are  estimated 
with  schemes  even  more  ambiguous  than  the  system  for  cstimat* 
ing  the  measure  of  soil  cover  complex.  The  present  capability 
in  watershed  modeling  with  computer  systems  limits  the  appli- 
cation of  complex  models  to  watersheds  with  quite  complete 
records  of  hydrologic  measurement  for  a period  of  5 years  or 
more.  With  development  of  advanced  techniques  for  spatial 
measurement  over  the  watershed  surface  of  the  more  critical 
parameters,  the  complex  models  can  conceivably  become  an 
extremely  valuable  hydrologic  tool.  In  ordei  to  evaluate 
the  transport  of  pollutants  or  to  estimate  safe  yields  for 
water  supply  from  ungaged  watersheds,  continuous  complex 
models  will  be  necessary.  At  the  present  time,  such  models 
are  not  applicable  to  ungaged  waterslieds  due  to  the  fact  that 
they  establish  the  value  of  their  parameters  by  fitting  to  an 
existing  set  of  records.  It  is  therefore  imperative  that  the 
techniques  be  developed  to  provide  the  necessary  input  param- 
eters for  such  models  on  ungaged  areas. 

Significant  advances  in  remote  sensing  hardware 
and  improved  availability  of  remote  sensing  data  offer 
promising  opportunities  to  acquire  spatial  measurement  of 
watershed  surface  characteristics  never  before  available. 


Color  and  color  infrared  photographs  over  watersheds  having 
extreme  differences  in  response  to  rainfall  show  that  seme 
of  the  surface  characteristics  that  influence  the  rainfall- 
runoff  relationship  can  be  detected  in  a qualitative  sense. 
Interest  developed  from  such  photographs  led  to  the  belief 
that  a quantitative  measurement  of  surface  characteristics 
might  be  possible  by  use  of  digital  spectral  data  from  a 
multispectral  scanner. 

To  predict  nmeff,  we  need  a good  estimate  of 
mcasurc-ment  of  the  storage  capacity  of  the  near-surf.ico 
soils  over  a watershed.  A number  of  natural  phenomena  help 
us  to  infer  permeability  or  storage  capacity  of  soils  from 
reflectance  of  visible  or  near- inf rared  light,  differences 
in  soil  type,  and  thus  permeability,  can  many  times  be 
inferred  by  differences  in  color  of  bare  soil.  Differences 
in  permeability  also  noticeably  influenced  the  natural 
vegetation  species  that  become  Jominint  on  different  soils. 

A quantitative  measure  of  the  uater  storage  capability  on 
the  watershed  surface  should  therefore  be  possible  by  com- 
bining data  tiiat  would  not  only  infer  the  difference  in  soils 
hut  at  the  same  time  include  a measure  of  vegetation. 

A study  of  the  early  laboratory  type  passive 
microwave  experiments  indicates  that  the  longer  wavelengths 
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might  be  even  more  suitable  for  measuring  watershed  surfaces 
since  they  can  penetrate  unsaturatecl  soils  to  some  depth. 

These  wavelengths  are  influenced  by  soil  moisture,  vegetation, 
roughness,  and  possibly,  soil  particle  size.  Increased 
passive  microwave  antenna  temperatures  are  experienced  for 
measurements  over  soils  with  low  soil  moisture,  dense  vege- 
tation,  increased  roughness  and  higli  sand  content.  All  of 
these  characteristics  tend  to  increase  near  surface  storage 
and  produce  low  runoff.  Considering  the  response  of  passive 
microwave  to  these  characteristics  and  the  effective  penetra- 
tion of  bare  soil,  average  microwave  temperatures  should  then 
be  more  sensitive  to  differences  between  watorshec’s  than 
visible  or  near  infrared  sensors, 

experiments  designed  to  test  the  ability  of  remote 
sensors  to  measure  differences  in  the  soil  cover  coriplex  over 
watershed  surfaces  have  been  carried  out  using  the-  LANDSAT  I 
mult  ispectral  scanner  and  the  .\-band  Passive  Microwave  Imaging 
System  (PMIS) . The  PMIS  is  mounted  on  the  NASA  P3A  aircraft 
operated  by  the  Johnson  Space  Center.  Tliis  report  concerns 
the  background,  procedures,  and  results  of  these  experiments. 
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PROCEDURES 


A sinpl«  empirical  storm  runoff  equation  developed 
by  the  Soil  Conservation  Service  was  selected  for  this  study. 


where  S 


1,000 

CN 


, iP 

^ P ♦ .8S 
10 


(1) 


Q ■ storm  runoff  (cm/2.S4) 

P » weighted  storm  rainfall  (cm/2.54) 

S * storage  in  the  watershed  surface  (cm/2.54) 

CN  » Function  of  soil,  cover,  antecedent  moisture 
(diniens  ionlcss) 

This  equation  is  extensively  used  by  both  governmeiit  and 
private  hydrologists  to  compute  flood  flows  and  thereby 
determine  the  required  storage  for  flood  detention  struc- 
tures. The  equation  also  could  conceivably  be  used  as  a 
submodel  in  the  more  complex  continuous  watershed  models. 

Equation  1 requires  as  input  the  weightea  mean 
riunfall  over  the  watershed  and  a parameter  called  "curve 
number"  (CN)  to  represent  the  surface  conditions  of  the 
watershed.  For  these  studies,  the  average  curve  number 
derived  from  measured  rainfall  and  runoff  for  all  recorded 
significant  events  on  each  watershed  was  used  as  ground 
truth.  A large  majerity  of  tne  storms  and  available  records 
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occurred  at  times  when  antecedent  rainfall  was  low,  therefore 
the  occasional  storm  with  high  antecedent  rainfall  was  not 
included  in  the  average. 

Twenty  watersheds  located  within  an  1,130-square- 
mile  1‘cach  of  tile  Washita  River  basin  in  central  Oklahoma 
werr  selected  fur  the  LANOSAT-1  study.  Extensive  hydrologic 
records  on  each  of  these  watersheds  had  been  collected  and 
compiled  by  the  Agricultural  Research  Service  of  USDA  since 
1961.  After  calculation  of  the  average  curve  number  for  each 
watershed,  the  watersheds  were  divided  into  two  groups  of  10 
watersheds  eacii  by  ranking  the  curve  numbers  and  selecting 
every  other  one  for  one  group.  A group  of  10  was  set  aside 
for  testing  and  the  romairirg  group  was  used  to  derive  a 
relationship  between  runoff  curve  numbers  and  the  LANDSAT-1 
data . 

Pigital  data  from  the  multispectral  scanner  on 
LANDSAT'l  was  processed  with  a series  of  computer  programs 
developed  to  excerpt  the  data  within  a waterslicd  J- ..inage 
area  and  copy  it  in  the  same  format  on  another  tape.  Th.e 
data  could  then  he  rapidly  retrieved  for  quality  analysis 
and  computation  of  mean  values  for  e.ach  spectral  hand.  Mean 
values  for  the  four  bands  were  calculated  for  each  of  the  JO 
\.atershods.  In  all,  seven  sets  of  data  were  processed  from 
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scenes  spread  over  approximately  1 year.  The  following 
is  the  antecedent  precipitation  index  for  scene  dates. 


Scene  Number 

Date 

30-Day  API  fcm/2.  .S4) 

loss 

09-19-72 

.028 

1094 

10-25-72 

3.27 

1184 

01-23-7.-i 

1.94 

1256 

04-05-73 

1.19 

1274 

04-23-73 

.928 

1400 

08-27-73 

.0180 

1508 

12-13-73 

1 . 06.3 

Both  discriminant  analysis  techniques  and  grapiucal 
techniques  were  used  in  atteirpts  to  find  a rcasonal. le  relation- 
ship between  these  spectral  data  and  the  runoff  curve  numbers. 
The  discriminant  analysis  program  was  first  used  wita  only 
the  extremely  high  and  low  runoff  watersheds  to  see  if  indeed 
the  spectral  data  could  separate  the  extremes.  If  was  tiicn 
applied  to  all  10  watersheds  in  the  original  set  of  data  to 
find  if  a reasonable  linear  combination  could  be  deterwijicc' 
this  way  that  would  discriminate  between  all  10  w.atersheds . 

This  procedure  was  not  succe.ssful  when  more  than  two  waterslnds 
were  used  due  to  the  makeup  of  the  discriminant  analysis  pre- 
gram.  Simple  plots  w’erc  then  made  comp.Tring  the  spectral 
response  to  the  watershed  curv'e  numbers  for  all  seven  scenes. 


2389 


T 


5 -•  • ’/ 

IH'"C.  L'-'^'P  I IJI 


« 


Eight  small  watersheds  ranging  in  size  from  1.46 
to  16.4$  km^  were  selected  for  the  passive  microwave  mea* 
sureraents.  Five  watersheds  in  this  group  were  also  part  of 
th«  LANDSAT-1  teat  waterahada.  Curve  numbera  for  the  three 
additional  watersheds  used  in  the  PMIS  study  were  calculated 
in  the  same  manner  as  those  for  the  LANDSAT-1  study. 

In  the  microwave  study,  the  TMIS  is  mounted  on  an 
aircraft.  Therefore,  the  size  of  the  watersheds  used  in  the 
study  was  limited  to  assure  the  widti)  of  the  scan  would 
encompass  the  entire  drainage  area.  Mf^o,  no  prior  data  from 
the  PMIS  had  been  collected  over  terrain  where  definite 
boundaries  had  to  be  defined,  and  at  the  time,  there  was  no 
assiircnce  that  watershed  boundaries  could  be  located.  The 
data  requested  was  therefore  confined  to  a small  number  of 
watersheds.  Two  flights  were  requested  in  an  attempt  to  look 
at  wet  and  dry  conditions. 

Three  PMIS  flights  were  ultimately  made  over  the 
eight  watersheds.  The  first  flight  was  made  in  November 
of  1972  ir.;mcdiatcly  after  a saturating  rainfall.  The  data 
from  this  flight  was  not  uoeful  as  the  location  of  watershed 
boundaries  could  not  be  determined  with  any  measure  of 
confidence.  A second  flight  was  made  in  April  of  1975  when 
vegetation  was  relatively  dormant  and  antecedent  moisture 


I 
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conditions  were  moderate.  The  third  flight  was  in  June 
of  1973  when  vegetation  was  at  its  peak  growth  and  antece- 
dent moisture  was  again  moderate.  The  watersheds  were 
readily  located  in  the  later  two  flights. 

Significant  cross  polarization  effects  were 
found  in  the  outer  beam  positions  of  the  PMIS  data.  A 
simple  correction  was  applied  to  these  data  to  remove 
this  effect  before  attempting  to  locate  the  individual 
watershed  boundaries.  The  data  were  then  processed  by- 
first  matching  mosaics  of  color  inirared  photographs  of 
watershed  areas  to  overlay  plots  of  the  PMIS  data.  Tiie 
extreme  low  microwave  antenna  temperatures  experienced 
over  open  water  surfaces  served  as  excellent  matching 
points.  When  the  plot  had  been  expanded  or  contracted 
to  match  photo  scale,  beam  positions  in  the  PMIS  scan  that 
fell  within  the  watershed  boundary  -were  readily  identified. 
Using  data  from  the  beam  positions  within  the  watershed 
boundary,  the  average  vertically  polarized  temperature  and 
the  average  horizontally  polarized  temperature  for  that 
watershed  was  calculated.  The  average  temperatures  were 
then  graphically  compared  with  the  curve  numbers  for  the 
watersheds . 
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In  the  first  attempt  to  compare  the  average 
digital  response  from  the  LANDSAT  MSS,  a discriminant 
analysis  technique  (Cooley  5 Lohnes)  was  used.  Data 
from  two  watersheds  having  the  highest  and  lowest  runoff 
curve  numbers  in  the  first  group  of  10  watersheds  was  used 
as  input.  This  technique  indicated  that  a discriminant 
function  using  the  two  visible  bands  could  be  used  to  de- 
scribe differences  between  the  watersheds.  The  second 
best  discriminant  function  resulted  from  use  of  all  four 
bands  of  data  wliiie  no  combination  of  three  bands  seemed 
to  produce  satisfactory  results. 

Simple  curve  fitting  techniques  veere  then  used  to 
investigate  the  relations  between  the  average  runoff  curve 
numbers  and  linear  ccwbir.ations  of  MSS  data  w!>en  all  10 
watersheds  in  group  1 were  considered.  Linear  combinations 
of  the  mean  (y)  digital  values  for  two  bands  (4  and  5)  and 
all  four  bands  were  plotted  versus  the  curve  numbers.  Two 
linear  combinations  of  MSS  data  from  scene  lO-SS  were  found 
to  be  reasonably  well  related  to  the  curve  numbers.  (Figure 
1).  The  lower  curve  based  on  all  four  hands  of  data  from 
both  visible  and  near  infrared  light  is  more  sensitive  and 
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could  be  expected  to  predict  curve  numbers  for  the  water- 
sheds in  the  test  group  better  than  predictions  based  on 
only  visible  light. 

These  relations  do  net  appear  in  the  following 
four  scenes  representing  late  fall,  mid'winter  and  early 
summer,  liowever,  in  scene  1400  the  relation  between  the 
MSS  data  and  runoff  curve  numbers  does  exist.  The  final 
scene  1508,  was  typical  of  midwinter  and  again,  the  rela- 
tions did  not  exist.  Plots  of  these  data  (Figure  i)  show 
a similar  relation  to  Figure  1.  On  the  second  figure  only 
nine  data  points  are  shown  since  one  watershed  from  the 
original  group  was  obscured  by  a cumulous  cloud.  One  data 
point  included  obviously  falls  far  above  tiie  cLgi  t poirts 
used  to  describe  the  relation.  The  particular  watershed 
represented  by  this  data  point  was  partially  cbscurc'd  under 
a high  thin  cirus  cloud  cover.  The  data  point  was  left  in 
the  plot  to  illustrate  tb.at  the  value  of  the  linear  equation 
increases  for  both  eases  when  the  scene  is  partially  obscured 
by  thin  clouds.  Thus,  prediction  of  curve  numbers  for  ungaged 
watersiieds  in  a region  should  be  done  with  caution  if  tiie 
f>notographic  image  of  the  scone  indicates  thin  cloud  cover 
may  be  present  over  watersheds  of  interest. 

The  fact  that  the  same  linear  equations  of  .MSS 
data  produce  simil.rr  relations  in  two  scenes  indicates  that 
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the  technique  is  repeatable.  The  fact  that  the  technique 
diu  not  work  on  the  reraainin}}  scenes  also  indicates  there 
are  some  limitations  to  t!»e  application  of  the  technique. 
Further  examination  of  the  data  shewed  that  the  two  scenes 
where  the  relation  does  exist  both  occurred  w'hen  the  water- 
sheds were  extremely  dry.  The  59  day  antecedent  precipita- 
tion index  (API)  (Linsley  S Kohler)  was  .028  and  .0180  for 
scenes  lf^58  and  1400  respectively.  The  API  for  the  remain- 
ing scenes  ranged  from  .928  to  2.27.  The  v'alue  2.27  repre- 
sents a virtually  saturated  condition. 

Tlie  scenes  used  in  this  study  represent  a rather 
large  range  of  green  vegetation  with  the  first  scene  almost 
barren  after  extended  drought  and  two  summer  scenes  at  the 
peak  of  vegetative  growth.  Unfortunately  no  scenes  were 
found  during  tlie  study  period  where  heavy  vegetation  and 
drought  conditions  existed  together.  Scenes  used  wliere 
vegetation  was  sparse  or  dormant  (fall  and  winter  scenes 
without  snow  cover)  did  represent  both  wet  and  dry  anteced- 
ent conditions.  It  is  apparent  from  these  data  that  dry 
soils  are  necessary  for  the  use  of  this  technique  during  the 
dormant  period  of  the  year.  The  data  however,  are  insuffi- 
cient to  show  that  dry  conditions  with  heavy  vegetation  will 
allow  use  of  the  technique. 


2394 


Figures  3 and  4 illustrate  the  prediction 
capability  of  the  curves  developed  from  four  bands  of 
spectiMl  data. on  the  first  10  watersheds.  The  lower 
curves  in  figures  1 and  2 are  used  to  predict  curve 
numbers  on  the  test  group.  The  average  absolute  devia- 
tion of  predictions  based  on  the  curve  developed  from 
band  4 and  band  5 data  was  4.13  and  4.59  for  scenes  1058 
and  1400  respectively.  Using  all  four  bands  of  MSS  data, 
predictions  were  3.17  and  3.70  respectively  for  the  same 
scenes.  The  average  deviation  of  conventional  curve  number 
for  tlie  same  test  watersheds  was  10.72  from  the  measured 
curve  numbers.  The  technique  based  on  predictions  from 
MSS  -spectral  data  tlierefore  shows  considerable  improvement 
over  computation  of  curve  numbers  by  the  conventional 
method.  After  the  prediction  curve  has  been  developed  for 
calibraticn,  prediction  of  curve  numbers  for  ajiv  watershed 
within  the  scene  can  be  accomplished  with  a minimun  of 
computer  time.  It  is  also  conceivable  that  by  use  of  this 
technique  a map  of  runoff  capability  could  be  developed  for 
arid  regions. 

In  the  passive  microwave  e.xpcrinent  using  tiic 
A-band  PMIS  data,  average  vertically  pelarioed  and  average 
horizontally  polarized  temperatures  were  comp.irec!  to  The 


measured  curve  numbers  from  8 watersheds.  The  experiment 
had  been  predicated  on  the  hypothesis  that  microwave  mea- 
surements averaged  over  a watershed  should  be  more  sensitive 
to  differences  in  the  physical  characteristics  of  the  soil 
and  therefore  the  storage  capacity  of  the  soil.  It  was 
presumed  that  the  difference  in  temperature  from  a wet  and 
dry  condition  night  be  necessary  to  describe  this  character- 
istic by  essentially  measuring  differences  in  soil  moisture 
and  nullifying  some  of  the  roughness  components  and  the 
unexplained  anomalies  in  microwave  measurement.  In  light 
of  these  considerations,  measured  curve  numbers  were  plotted 
versus  average  temperatures,  difference  in  vertically  and 
Ijori zontally  polarized  temperatures  and  difference  in  like 
polarized  temperatures  from  April  and  June  flights. 

Average  vertically  polarized  temperatures  for  the 
.^pril  flights  decreased  with  increased  curve  numbers  while 
in  the  June  flight  average  vertically  polarized  temperature 
increased  with  increased  curve  numbers.  In  both  flights  the 
vertically  polarized  temperatures  display  a curvilinear 
relation  and  were  insensitive  to  changes  in  curve  numbers 
above  50.  These  data  indicate  there  is  little  promise  for 
use  of  vertically  polarized  temperatures  alone  as  a measure 
of  watershed  runoff  capability. 
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Average  horizonta 1 ly  polarized  temperatures 


(Figure  5j  from  both  flights  can  be  related  to  the  carve 
numbers  with  a straight  line.  The  line  representing  the 
dormant  season  ita  from  April  would  provide  a sensitive 
prediction  throughout  the  major  range  of  curve  numbers. 

The  dense  vegetation  in  the  June  time  frame  seems  to  make 
the  horizontal  polarization  by  itself  insensitive  to  differ- 
ences in  the  watershed,  liven  though  the  relation  can  be 
represented  by  a straight  line  it  would  not  lead  to  a 
satisfactory  prediction  sclieme.  This  response  should  he 
expected  since  the  penetration  of  dense  vegetation  is 
considered  unlikely  w-itii  X-band  wavelengtiis  at  the  P'>iIS 
look  angle  of  50**.  This  figure  implies  that  if  one  can 
sense  differences  in  the  soil,  a sensitive  relation  can  be 
fovind  between  horizontally  polarized  microwave  temperature 
and  the  runoff  curve  numbers  of  watersheds.  The  30  Jay 
antecedent  precipitation  index  averaged  .5.38  for  the  April 
flight  and  .ISO  for  tnc  June  fligb.t.  The  prior  studies 
with  LAXD.SAT  data  would  indicate  that  the  moisture  cor.tciit 
of  the  soils  at  the  time  of  these  flights  prohibit  the  use  of 
visible  and  near  ir.fr.arcd  light  to  classify  tiie  runoff  curve 
number.  .\o  reasonable  relation  was  evident  between  the 
LAXDSAT  spectral  data  on  April  23rd  and  the  curve  nuinbcrs. 
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However,  only  five  days  later  the  passive  microwave 
nicasuroraent  was  very  sensitive  to  differences  between 
the  watersheds. 

In  studies  with  ti*uck  mounted  passive  microwave 
equipment  (Newton  et  al) , there  are  indications  that  there 
is  antenna  response  to  soil  moisture  conditions  under  vege 
tative  cover  with  the  longer  wavelength  L-band  systems. 
Thus,  if  longer  wavelength  sensors  were  available  to  effec 
lively  penetrate  vegetation,  sensitive  relations  could  be 
developed  when  heavy  vegetation  was  present  in  the  summer 


CONCLUSIONS 

1.  The  LANDSAT-1  study  demonstrated  that  when  dry  dormant 
surface  conditions  exist  a linear  combination  of  digital 
data  for  the  visible  light  from  some  scenes  can  be  re- 
lated to  measured  watei'shed  runoff  curve  numbei's. 

2.  A linear  combination  incorporating  the  near  infrared 
bands  produces  a more  sensitive  relation  with  measured 
watershed  curve  numbers  tnan  can  be  achieved  using  only 
visible  bands. 

3.  The  tecliniques  using  LANDSAT  data  appears  to  be  limited 
to  areas  where  c.xtrcueiy  dry  dormant  conditions  e.xist 
in  conjunction  with  a clear  atmosphere. 

4.  Average  horizontally  polarized  pas.‘;ive  microwave  tempera- 
tures from  the  PM13  images  with  a wavelength  of  2.S  cm 
can  be  related  to  watershed  runoff  curve  numbers  witn  a 
straight  li.ie  that  is  equally  sensitive  throughout  the 
normal  range  of  curve  numbers. 

5.  The  relation  between  horizontally  polarized  passive 
microwave  temperature  and  runoff  curve  numbers  is  not 
restricted  to  extremely  dry  conJi Lions,  but  is  restricieu 
by  iiitcrferencc  from  dciise  vegetation. 
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The  prior  conclusions  along  with  results  of  L-band 
passive  microwave  measurements  lead  to  the  implication 
that  a more  universally  applicable  sensor  for  measure- 
ment of  watershed  surface  characteristics  can  be  developed 
by  use  of  wavelengths  in  the  L-band  region. 
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CONVENTIONAL  AND  PREDICTED  CURVE  NUMBERS 


WATER-MANAGEMENT  MODEL  IN  FLORIDA  FROM  LANDSAT-1  DATA 
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ABSTRACT 

A prototype  data  acquisition  and  dissemination  network,  installed  and  oper- 
ated by  the  U,S.  Geological  Survey,  is  a viable  approach  for  providing  the 
near  real-time  data  needed  to  solve  hydrologic  problems  confronting  the 
nearly  2.5  million  residents  of  southern  Florida.  Water-stage  and  rainfall 
data  from  ground  stations  are  transmitted  from  the  Everglades  via  LA.NDSAT, 
the  NASA  tracking  stations,  and  the  U„So  Geological  Survey  to  the  users  in 
less  than  2 hr,  a significant  improvement  over  conventional  techniques 
requiring  up  to  2 months.  LANDSAT  imagery  significantly  enhances  the 
utility  of  the  ground  station  measurements.  Water  stage  (depth)  is  correlated 
with  water-surface  areas  from  the  imagery  to  obtain  water  stage-volume 
relations  in  near  real-time  for  management  decisions  concerning  the 
distribution  of  water  to  the  people,  fauna,  and  flora  of  southern  Florida. 


U.  S.  Geological  Survey;  Water  Resources  Division;  Tampa, 
U.S.  Geological  Survey;  Water  Resources  Division;  Miami, 
Bendix  Aerospace  Systems  Division;  Ann  Arbor,  Michigan 


Florida 

Florida 
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NOMENCLATURE 


Acoustic  Coupler;  Device  used  to  link  computers  by  telephone  line. 

Ac  re -foot!  The  quantity  of  water  required  to  cover  1 acre  to  a depth  of 
1 foot  equivalent  to  43,  560  cubic  feet  or  about  375,821  gallons 

Aquifer:  Any  part  of  the  earth's  crystal  layer  capable  of  storing  water 
and  yielding  water  for  use  on  the  earth's  surface.  The  water  in  such 
formations  is  called  ground  water.  The  Biscayne  aquifer  is  a shallow 
"water  table"  aquifer. 

Carryover  Storage!  Reservoir  storage  capacity  which  will  permit  the 
retention  of  surface  water  surpluses  for  carryover  to  supply  needs  in 
subsequent  periods  of  water  deficiency. 

Conservation  Area:  In  this  report,  an  area  reserved  for  the  purpose  of 
conserving  water. 

Contents;  The  volume  of  water  in  a reservoir  or  lake.  Unless  otherwise 
indicated,  volume  is  computed  on  the  basis  of  a level  pool  and  does  not 
include  bank  storage. 

Control;  A feature  downstream  from  the  gage  that  determines  the  stage- 
discharge  relation  at  the  gage.  This  feature  may  be  a natural  constriction 
of  the  channel,  an  artificial  structure,  or  a uniform  cross-section  over  a 
long  reach  of  the  channel. 

Control  Structure:  As  used  in  this  report,  control  structure  is  a structure 
on  a stream  or  canal  used  to  regulate  the  flow  or  stage  of  the  stream  or  to 
prevent  the  intrusion  of  salt  water. 

DCP:  Data  Collection  Platform;  An  electronic  instrument  which  encodes, 
formats,  and  transmits  data  to  the  LANDSAT  satellite. 

DCl^:  Data  Collection  System;  A system  contrived  and  operated  by  NASA, 
using  DCPs,  the  LANDSAT  satellite,  receiving  stations,  and  a data  pro- 
cessing facility. 

Discharge,  Mean:  The  arithmetic  mean  of  individual  daily  mean  discharges 
during  a specific  period. 
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Evapotranspiration : The  process  by  which  water  is  evaporated  from  moist 
plant  surfaces  and  transpired  to  the  atmosphere  as  water  vapor. 

ERTS:  Earth  Resources  technology  ^tellite.  Renamed  LANDSAT  in  1975. 

Gage  Height  (G.  H. ):  The  water-surface  elevation  referred  to  some  arbitrary 
gage  datum.  Gage  height  is  often  used  interchangeably  with  the  more  gen- 
eral term  "stage",  although  gage  height  is  more  appropriate  when  used  with 
a reading  on  a gage. 

Gaging  Station:  A particular  site  on  a stream,  canal,  lake,  or  reservoir 
where  systematic  observations  of  gage  height  or  discharge  are  obtained. 

When  used  in  connection  with  a discharge  record,  the  term  is  applied  only 
to  those  gaging  stations  for  which  a continuous  record  of  discharge  is  com- 
puted. 

NASA:  National  Aeronautics  and  ^ace  Administration. 

NASA  Progress  Report:  Periodical  report  required  by  NASA  contract. 

NDPF:  NASA  Data  Processing  Facility. 

Nutrients:  Although  many  chemical  constituents  are  required  for  plant 
growth,  nitrogen  and  phosphorous  are  considered  to  be  the  primary  nu- 
trients. Both  occur  in  inorganic  and  organic  forms.  The  inorganic  forms 
of  nitrogen  found  in  solution  in  water  bodies  are  nitrates,  nitrites,  and 
ammonia. 

Partial -Record  Station:  A particular  site  where  limited  stream-flow  data 
are  collected  systematically  over  a period  of  years  for  use  in  hydrologic 
analyses. 

Programmable  Calculator:  Electronic  calculator  that  has  a programming 
mode. 

Runoff  in  Inches  (IN. ):  Runoff  in  inches  shows  the  depth  to  which  the  drain- 
age area  would  be  covered  if  all  the  runoff  for  a given  time  period  were 
uniformly  distributed  on  it. 


Seepage:  A process  by  which  water  in  surface  storage  is  lost  through  levees 
and  into  ground  water  reservoirs. 


Stage -Digcharge  Relation:  The  relation  between  gage  height  and  the  volume 
of  water  per  unit  of  time,  flowing  in  a channel. 


Telecopier:  Device  used  to  copy  and  transmit  by  telephone  to  another  tele 
copier,  at  a distant  station,  the  print  from  a page. 


Transpiration:  A vital  natural  element  of  the  hydrologic  cycle;  the  return 
of  water  to  the  atmosphere  in  the  form  of  water  vapor  as  a result  of  the 
growth  process  of  vegetation. 

Water  Budget:  For  any  water  system,  an  accounting  over  any  fixed  time 
span  of  where  water  comes  from  and  where  it  goes. 


INTRODUCTION 

The  water  supply  for  southeastern  Florida,  with  a population  of  more 
than  2.  5 million,  including  the  Everglades  National  Park,  depends  on  the 
management  of  water  within  the  Everglades  basin  (Figure  1).  Decisions 
affecting  the  control  of  this  supply  are  based  on  water  budgets  de /eloped 
primarily  from  hydrologic  data  acquired  and  analysed  by  the  U.  S.  Geo- 
logical Survey  as  part  of  their  program  of  hydrologic  investigations  and 
data  collection  network. 

The  goal  of  this  investigation  is  to  evaluate  the  usefulness  of  LANDSAT 
in  improving  the  overall  effectiveness  of  this  collection  and  dissemination 
network.  Resulting  network  improvements  in  data  timeliness  and  accuracy 
would  have  a direct  beneficial  impact  on  the  water  distribution  to  the  people, 
fauna,  and  flora  of  southern  Florida.  To  accomplish  this  goal,  the  Geo- 
logical Survey  used  imagery  from  the  LANDSAT  Multispectral  Scanner 
(MSS)  and  the  LANDSAT  Data  Collection  System  (DCS)  to  evaluate  their 
utility  in  supporting  near  real-time  hydrologic  data  acquisition  and  dissemi- 
nation. This  paper  reports  on  the  work  accomplished  and  results  achieved  in 
establishing  and  operating  this  prototype  network. 

Managing  The  Water  System 


The  storage  and  flow  of  water  in  southeastern  Florida  is  controlled 
by  the  Central  and  Southern  Florida  Flood  Control  District,  which  maintains 
and  operates  a system  of  levees,  canals,  control  structures,  pumping  sta- 
tions, and  water  storage  areas.  The  control  of  this  system  (ref.  1)  is 
based  on  water  budgets  developed  from  hydrologic  data  collected  and  dis- 
seminated primarily  by  the  Geological  Survey. 

The  levees  retain  water  in  four  major  impoundment  areas  ( figure  2'; 

(1)  Lake  Okeechobee,  (2)  Conservation  Area  1,  (3)  Conservation  Area  2,  and 
(4)  Conservation  Area  3.  Shark  River  Slough  ( figure  2), a water-course 
important  to  the  environment  of  Everglades  National  Park,  at  the  downstream 
end  of  these  interconnected  water  bodies,  also  depends  on  overland  flow  from 
adjoining  Conservation  Area  3. 


The  four  major  impoundment  areas  impede  the  normal  surface  water 
flow  from  the  Everglades  a^c  Lake  Okeechobee  through  agricultural  and 
urbar  areas  during  the  rainy  season,  June  through  October.  Pumping 
stations  at  the  edges  of  the  three  conservation  areas  provide  flood  protec- 
tion by  pumping  excess  rainfall  from  the  Everglades  agricultural  area  and 
ether  flood-prone  areas  into  Lake  Okeechobee  and  the  three  conservation 
areas.  Thus,  the  system  not  only  provides  flood  protection,  but  also 
enhances  water  conservation.  Water  is  transferred  from  the  conservation 
areas  into  Everglades  National  Park  or  to  coastal  cities  as  needed  through 
a network  of  surface  canals. 

Canals  also  drain  the  urbanized  zone  along  the  coast.  They  transfer 
water  from  Lake  Okeechobee  and  the  conservation  areas  to  the  Everglades 
agricultural  area  and  to  the  east  coast  to  replenish  ground-water  reservoirs 
near  municipal  well  fields  and  to  prevent  seawater  intrusion.  Flow  in  the 
canals  is  regulated  by  coastal  control  structures  which  are  normally  open 
or  partly  open  during  the  rainy  season.  The  structures  are  generally  closed 
during  dry  seasons  to  prevent  inland  movement  of  salt  water  and  overdrain- 
age of  fresh  water. 

Scheduled  releases  from  the  conservation  areas  are  made  during  the 
year  to  sustain  plants  and  animals  in  Everglades  National  Park.  Late  in 
the  dry  season,  water  is  also  released  from  the  conservation  areas  to  the 
canals,  as  required,  to  maintain  water  levels  near  the  coast  and  to  replenish 
well  fields.  During  much  of  the  dry  season,  eastward  flow  in  canals  is  main- 
tained by  water  seeping  under  the  levees  of  the  water  conservation  areas, 
however,  water  in  the  canals  is  not  discharged  to  the  ocean;  rather  it 
infiltrates  the  Biscayne  aquifer  near  the  coast.  During  prolonged  drought, 
some  water  can  be  transferred  directly  from  Lake  Okeechobee  through  the 
conservation  areas  to  points  of  need  along  the  coast.  Usable  storage  in  the 
lake  is  usually  shared  by  municipalities,  agricultural  interests,  and  the 
Everglades  National  Park. 


Water  Budget 

Management  decisions  as  to  where  and  when  to  store  and  release 
water  from  the  impoundments  are  based  on  an  accounting  cf  the  amount  of 
water  in  surface  storage.  This  accounting  procedure  (refs  Z and  3)  relates 
basin  water  inputs  and  outputs  as  modeled  in  figure  3 and  results  in  a v'ater 
budget  for  the  area. 
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Monthly  water  budgets  for  Lake  Okeechobee  and  the  three  conserva- 
tion areas  are  computed  by  the  Central  and  Southern  Florida  Flood  Control 
District  and  the  U.  S<  Army  Corps  of  Engineers.  Two  budgets  are  pre- 
pared: one  for  a condition  of  normal  rainfall  for  the  remainder  of  the  dry 
season  and  the  other  for  a condition  of  last  year's  rainfall  for  the  same 
period. 

The  budget  inputs  (figure  3)  include  surface  flow  into  the  basin  (in- 
flow) and  rainfall  on  the  basin.  The  outputs  are  the  combined  lasses; 
evaporation  transpiration  (water  released  to  the  atmosphere  as  part  of  the 
life  process  of  vegetation),  surface  water  seepage  into  ground  water  reser- 
voirs, and  the  canal  outflow  for  irrigation  and  municipal  supply.  Subtract- 
ing output  from  input,  as  shown  in  the  model  of  figure  3,  gives  a surplus  or 
a deficiency  in  the  water  storage  for  a specified  storage  area  and  time. 

Several  water  budget  studies  for  the  conservation  areas  by  Federal 
(U.  S.  Corps  of  Engineers)  and  State  water-management  agencies  (Central 
and  Southern  Florida  Flood  Control  District)  are  underway. 

The  major  problem  in  developing  a good  water  budget  is  to  adequately 
measure  the  input  and  output  quantities.  Another  task  is  to  determine  the 
water  in  storage  in  the  conservation  areas.  This  is  difficult  because  of  the 
large  area  extent  and  shallowness  of  water  which  makes  representative  stage 
recordings  difficult  to  obtain.  A good  budget  analysis  requires  large  amounts 
of  accurate  and  timely  hydrologic  data.  It  is  this  data  need  which  the  hydro- 
logic  data  network  is  designed  to  satisfy. 

Hydrologic  Data  Network 

Hydrologic  data  used  in  developing  water  budgets  are  collected  and 
disseminated  (ref  4)  in  southeastern  Florida  by  the  U.  S.  Geological  Survey, 
as  part  of  the  nationwide  hydrologic  data  network.  The  network  is  operated 
by  the  Survey  in  cooperation  with  local.  State,  and  other  Federal  agencies; 
the  Survey  gathers  data  on  a wide  variety  of  environmental  parameters.  In 
the  Everglades  alone,  more  than  100  gaging  stations  provide  daily  records 
of  water  surface  elevation  or  flow.  Nationwide,  the  Geological  Survey  has 
nearly  18,  000  such  stream-gaging  stations,  of  which  approximately  10,  000 
have  digital  water  stage  recorders.  These  small  field  instruments  con- 
tinuously monitor  stream  stage  via  linkage  to  a float  in  a stream-connected 
stilling  well.  Periodically,  at  15-,  30-,  or  60-minute  intervals,  the 
recorder  punches  the  real-time  stage  value  on  a 16 -channel  paper  tape,  a 
machine -readable  record. 


Without  the  advantage  of  LANDSAT-DCS,  data  from  a particular  field 
instrument  arc  retrieved  by  field  engineers  and  technicians  who  visit  the 
station  about  once  a month,  calibrate  the  instrument,  perhaps  take  supple- 
mentary measurements  and  samples,  and  conduct  general  maintenance. 

The  data,  many  of  which  are  in  machine-readable  form,  are  returned  to 
the  office,  checked  for  quality  control,  ti*ansferred  onto  punch  cards  or 
magnetic  tape  for  entry  into  the  computer  systent,  analyzed,  plotted,  and 
disseminated  to  users.  Time  from  data  recording  to  dissemination  to  users 
is  about  2 months  after  initial  recording.  These  long  delays  reduce  the 
utility  of  the  datu  for  current  water  budgets  and,  consequently,  delay  man- 
agement decisions  affecting  the  storage  and  flow  of  water.  The  need  to 
reduce  the  time  required  to  develop  water  budgets  is  becoming  increasingly 
important  in  Florida,  as  in  other  areas  of  the  Nation,  where  water  managers 
are  attempting  to  satisfy  the  water  demands  of  an  ever-increasing  population 
while  still  retaining  sufficient  water  in  the  system  to  meet  the  needs  of  the 
aquatic  environments  and  upgrade  and  maintain  the  water  quality  in  the  water - 
storage  areas,  canals,  and  aquifers. 

The  Geological  Survey,  in  addition  to  disseminating  hydrologic  data  to 
users  in  southern  Florida,  also  stores  the  data  in  the  national  water  data 
storage  and  retrieval  system  (ref  5)  in  Washington,  D.  C.  and  Reston, 

Virginia.  From  this  system  the  data  are  made  available  nationwide.  Sur- 
vey offices,  such  as  the  Miami  office,  are  interlinked  with  the  national 
water  data  storage  and  retrieval  system  by  means  of  a national  telecomputing 
system  which  provides  general  data  processing  support  for  the  national  water 
data  storage  and  retrieval  system.  The  national  telecomputing  network  con- 
sists of  the  computer  centers  in  Washington,  D.  C.  and  Reston,  Virginia,  and 
nearly  100  remote  computer  terminals  in  Survey  offices  across  the  Nation, 
one  of  which  is  in  the  Miami  office.  The  Washington,  D.  C.  computer  center 
has  an  IBM  360/65  computer  and  the  National  Center  at  Reston,  Virginia  has 
an  IBM  370/155  computer. 

Thus,  the  major  hydrologic  activitiee  of  the  Geological  Survey,  the 
collection,  storage,  retrieval,  and  analysis  of  hydrologic  data  are  accom- 
plished through  the  operation  of  three  basic  systems:  the  hydrologic  data 
network,  which  provides  data  collection;  the  national  water  data  storage 
and  retrieval  system,  which  processes  and  stores  data  generated  by  the 
hydrologic  data  network:  and  a national  telecomputing  system,  which  pro- 
vides general  data  processing  support  for  the  national  water  data  storage 
and  retrieval  system. 
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RESULTS  AND  DISCUSSION 


To  achinve  the  goals  of  the  investigation,  the  Geological  Survey  anal- 
ysed both  LANDSAT-MSS  imagery  and  in  situ  monitoring  by  LANDSAT-DCS 
in  order  to  evaluate  their  separate  and  combined  capabilities  in  the  Hydro- 
logic  Data  Network.  Paulson  (refs  5 and  <>),  Schumann  (ref  7),  and  Cooper 
(ref  8)  applied  similar  techniques  to  operational  systems  with  a DCS  cap- 
ability and  Graybell  (ref  9)  and  Deutsch  (ref  10)  used  MSS  to  determine 
surface-water  distribution.  Anderson  (ref  11)  used  the  MSS  imagery  to 
identify  and  map  vegetative  communities  within  wetlands.  Reeves  (ref  12) 
used  successive  passes  of  LANDSAT  imagery  of  playa  lakes  in  the  Texas 
high  plains  to  demonstrate  the  dynamics  of  surface-water  distribution  within 
the  lakes.  However,  the  investigation  described  herein  combines  an  opera- 
tional LANDSAT  data-collection  system  with  the  LANDSAT  multispectral 
scanner  data. 

Twenty  data  collection  platforms  (DCP's)  were  established  in  southern 
Florida.  Water-level  and  rainfall  data  collected  and  disseminated  in  near 
realtime  (less  than  2 hours)  from  these  instruments,  were  also  analyzed  in 
conjunction  with  LANDSAT  imagery  enhanced  by  electronic  processing. 
Resvilts  reported  in  this  section  show  that  the  combined  use  of  MSS  and  DCS 
data  provides  more  benefits  than  the  use  of  either  technique  alone. 

LANDSAT  - Data  Collection  System 

The  LAI  DSAT  Data  Collection  System  (DCS)  is  a communications 
system  (ref  13)  that  consists  of  three  elements;  a small  low-powered 
battery-cperated  radio  transmitter  called  a data  collection  platform  (DCP), 
a radio  transponder  aboard  the  LANDSAT  satellite,  and  ground-receiving 
sites.  The  polar-orbiting  LANDSAT  makes  about  14  orbits  of  the  earth 
daily  and  can  relay  data  from  a DCP  to  a ground-receiving  site  whenever 
both  are  mutually  visible  from  LANDSAT,  this  occurs  during  a brief  period 
on  each  of  several  orbits.  The  DCP  transmits  a brief  data  message  of  0.04 
sec  in  duration  once  every  90  or  180  second  and  can  communicate  with  the 
satellite  during  several  mutually  visible  periods  daily.  The  number  of 
mutually  visible  periods  is  primarily  a function  of  geographical  position  and 
local  terrain  interference.  Two  ground-receiving  sites;  one  at  the  Goddard 
Space  Flight  Center  in  Greenbelt,  Maryland;  the  other  at  Goldstone,  Calif- 
ornia, provide  good  coverage  for  the  contiguous  48  states.  They  receive 
data  from  continental  American  DCPs  on  3 to  7 daily  orbits  during  mutual 
visibility  periods  lasting  12  to  14  minutes  per  orbit. 
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Data  Collection  Platform.  > Twenty  DCP*  were  established  in  the 
Everglades  (figs.  4,  5,  6,  and  7)  and  Big  Cypress  Swamp  to  the  west  to 
transmit  water  level  and  rainfall.  The  flow  of  data  from  the  area  to  the 
Geological  Survey  office  In  Miami  starts  with  the  water-level  and  rainfall 
gages  at  the  DCP. 

Housed  at  the  DCP  shown  in  Figure  6 are  the  DCP  (ref  14),  water- 
stage  recorder,  rainfall  recorder,  and  timer  and  power  supply  for  both 
recorders. 

Before  the  DCP  transmits  the  data  to  the  satellite,  it  receives  the 
data  from  a sensor  (recorder)  and  then  encodes  and  puts  the  data  into  a 
form  for  radio  transmission.  Although  the  DCP  normally  transmits  a 
signal  every  3 min,  the  DCP  can  be  set  to  transmit  every  90  seconds. 

When  the  LANDSAT  satellite  (figure  8)  is  in  mutual  line  of  sight  of  a DCP 
and  a NASA  receiving  station,  the  data  transmitted  from  the  DCP  is 
received  by  the  satellite  and  transmitted  to  NASA  receiving  stations  at 
Goddard  or  at  Goldstone.  In  southern  Florida,  this  mutual  communication 
occurs  from  3 to  6 times  per  day.  Each  time,  1 to  4 distinct  messages 
can  be  transmitting  every  3 minutes. 

At  the  receiving  station,  the  data  are  decoded  and  sent  by  NASA  com- 
munication line  to  the  Operations  Control  Center  and  then  to  the  NASA  Data 
Processing  Facility  at  Goddard.  At  the  processing  facility,  the  data  are 
verified  and  put  in  a form  to  be  teletyped  to  Miami.  The  data  are  received 
by  teletypewriter  as  perforated  tape  and  printout.  The  total  elapsed  time  from 
field  measurement  to  printout  in  Miami  is  about  4S  minutes. 

From  the  teletypewriter,  the  data  are  fed  into  a programmable  calculator, 
which  analyzes  the  data  and  produces  the  finished  product,  which  is  tele- 
copied  to  the  water -management  agencies  on  the  same  day. 

On  an  average  day,  data  are  received  in  Miami  2 or  3 times  each 
morning  and  2 or  3 times  each  night.  At  future  stations  where  pa/ameters 
such  as  wind- speed  are  to  be  monitored,  data  will  be  required  more  fre- 
quently. 

Handling  of  DCS  Data.  - After  data  are  received  in  Miami  by  teletypewriter, 
the  perforated  tape  from  the  teletypewriter  is  fed  into  the  calculator  through  a tope 
reader.  Equipment  available  in  the  Miami  office  include  the  programmable 
culculator,  thermal  printer,  paper  tape  rea*l..'r,  x-y  plotter,  hopper  card 
reader,  cassette  memory  recorder,  extended  mem,->ry,  and  acoustic  coupler. 


The  cassette  memory  recorder  allows  data  and  programs  to  be  stored  out* 
side  the  programmable  calculator.  The  extended  memory  is  an  attachment 
to  th  calculator  which  gives  the  calculator  more  capacity  for  memory 
storage.  The  acoustic  coupler  enables  the  calculator  to  be  tied  to  computer 
by  phone.  The  calculator  first  trans'  ites  the  teletypewriter  data  from  its  octal 
form  into  engineering  units.  At  present,  these  units  rcpri  sent  water  stage, 
in  feet,  or  cumulative  rainfall,  in  feet.  Second,  the  calculator  sorts  the 
data  chronologically  by  station.  Then  it  calculates  daily  rair/all,  in  inches, 
and  prints  the  data  in  a format  requested  by  the  Corps  of  Engineers  (table  H. 
The  data  are  then  scanned  for  errors.  If  the  data  appear  correct,  they  are 
telecopied  to  the  Corps  of  Engineers  in  Jacksonville  and  Clewiston,  Florida. 
The  time  required  for  the  transmission  of  data  from  the  Evcrgledes  via  the 
satellite,  the  NASA  tracking  stations,  and  the  Geological  Survey  to  the  Corps 
of  Engineers  is  less  than  2 hours,  a significant  improvement  o 'er  prior 
techniques  requiring  as  much  as  2 months.  The  National  Park  Service  und 
the  Fish  and  Wildlife  Service  receive  a full  table  of  data  each  Friday.  The 
Central  and  Southern  Florida  Flood  Control  District  at  West  Palm  Beach 
receives  data  from  the  Corps  of  Engineers  in  Jacksonville. 

After  the  data  have  been  calculated,  sorted,  and  sent  to  the  users  in 
the  form  shown  in  tabic  I,  the  data  arc  stored  on  cassette  tape.  The  data 
are  condensed  by  eliminating  all  but  dail''  readings  and  are  stored  in  annual 
data  files.  After  the  data  are  leaded  into  the  annual  files,  dava  from  stations 
designated  as  key  stations  are  fed  into  the  plotter,  which  is  on  line  to  the 
programmable  calculator.  Figure  9 shows  hydrographs  compiled  from  data 
relayed  from  three  DCPs  in  Conservation  Area  1.  Hydrographs  are  usually 
updated  each  month  and  mailed  to  the  users-  LANDSAT  programs  presently 
used  on  the  calculator  in  Miami  arc: 

• Read.s  teletypewriter  tupe  and  converts  to  gage  heights  or  dial  rendi.T’'s. 

• Prints  out  weekly  summary  table  of  stage  and  rainfall. 

• Stores  midnight  readings  of  stage  and  rainfall  for  each  day. 

• Prints  daily  calendar  year  plot. 

• Prints  daily  water  year  plot  of  stage. 

Additional  programs  for  the  programmable  calculator  arc  being 
written  to  analyze  water -quality  and  additional  meteorological  data  collected 
from  LANDSAT-DCS  stations  now  being  installed. 


LANDSAT  Multispectral  Scanner 

LANDSAT  imagery  and  DCS  data  acquired  on  Conservation  Area  1 
show  a complementary  application  for  these  data. 

Conservation  Area  1 . - Conservation  Area  1 covers  221  square  miles 
(572  square  kilometers)  and  is  contained  within  the  Loxahatchee  National 
Wildlife  Pefuge.  As  seen  in  the  NASA  image  of  figure  10,  the  area  is  pear- 
shaped  and  bounded  by  levees.  Just  inside  the  levees  are  ditches  or  canals 
formed  by  the  removal  of  soil  for  the  levees.  The  canals  expedite  the 
movement  of  water  into  or  out  of  ihe  refuge. 

The  vegetation  of  this  area  (ref  15)  is  shown  in  figure  11.  This  part 
of  the  Everglades  (ref  16)  consists  of  prairie -like  flats  that  are  covered 
with  shallow  water  most  of  the  year.  Stands  of  sawgrass  intersperse  the 
flats.  Shallow  ponds  and  sloughs  support  white  "’ater-lilies  and  other 
aquatic  plants  that  bloom  throughout  the  year.  The  landscape  is  dotted 
with  tree  islands  that  vary  in  size  from  a fraction  of  an  acre  to  several 
hundred  acres.  Wax  myrtle,  redbay,  dahoon  holly,  and  ferns  on  the  islands  ' 
retain  their  foliage  throughout  the  year.  Various  air  plants  grow  in  pro- 
fusion within  its  confines. 

Fall  and  winter  migrations  result  in  spectacular  bird  concentrations. 
Flocks  of  herons,  egrets,  and  ibises,  often  numbering  in  the  thousands, 
congregate  where  receding  water  strands  myriads  of  small  fish  and  cray- 
fish. The  tree  islands  ir  winter  are  frequently  alive  with  small  birds, 
including  several  species  that  otherwise  winter  south  of  the  United  States. 
Among  the  more  interesting  resident  species  are  limpkin,  sandhill  crane, 
wood  duck,  and  mottled  duck.  Blue -winged  teal  and  rii->g-necked  ducks  are 
the  most  abundant  lucks  during  winter.  Coots  arc  year-round  residents, 
but  are  abundant  only  in  winter.  The  cattle  egret,  an  emigrant  from  the 
Old  World,  is  now  common  on  the  refuge  and  adjacent  pasture  lands. 

A noticeable  relation  exists  between  water  levels  and  the  abundance 
of  birds  requiring  an  aquatic  habitat.  Thousands  of  colonial  and  water  birds 
nest  and  roost  on  the  refuge  when  sufficient  water  is  available  to  provide 
the  necessary  environment. 
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LANDSAT  Imagery.  - Huliispectral  imaf^ery  of  Florida  is  obtained 
every  18  days  by  LANDSAT  from  an  altitude  of  approximately  560  miles 
(900  kilometers).  These  data  are  transmitted  from  the  satellite  to  the 
NASA  Goddard  Space  Flight  Center  or  the  Goldstone  Tracking  Station  in 
digital  format.  The  digital  tapes  are  then  mailed  to  the  Miami  office  of 
the  Geological  Survey.  Several  systems  were  used  to  extract  spectral 
information  from  these  tapes  m order  to  construct  thematic  maps.  Elec- 
tronic processing  of  the  LANDSAT  MSS  data  was  accomplished  using  the 
computer  facilities  of  the  Bendix  Aerospace  Systems  Division,  NASA 
Kennedy  Space  Center  Earth  Resources  Program  Office,  the  General 
Electric  Corporation,  the  Stanford  Research  Institute,  and  the  IBM  Cor- 
poration to  produce  different  types  of  maps  by  computer. 

Figure  12  shows  radiance  (or  reflectance)  maps  of  Conservation 
Area  1 derived  from  electronic  processing  of  LANDSAT  MSS  band  7 data 
acquired  on  14  February,  4 March,  and  22  March  of  1973. 


For  this  illustration,  the  original  LANDSAT  radiance  levels,  which 
were  enhanced  and  color-coded  on  film,  are  shown  as  gray- scale  levels. 
The  darker  the  gray-scale,  the  lower  the  radiance  measurement,  which 
infers  water.  The  water  depth  in  this  area  ranges  from  zero,  as  denoted 
by  white,  to  about  2 feet  (0.  6 meter),  denoted  by  black. 


The  change  or  loss  in  water  stored  in  the  area  from  February  14  to 
March  22  is  readily  observed  by  the  changes  in  gray- scale  of  the  enhanced 
images  in  figure  12.  The  water  stored  in  the  area  for  a given  time  is 
obtained  as  illustrated  in  figure  13,  where  the  DCS  (figure  14)  is  used  to 
provide  quantative  in  situ  data  on  the  elevation  of  each  water -depth  category 
and  MSS  imagery  is  used  to  obtain  the  areal  extent  of  each  category.  Sur- 
face area  times  elevation  (depth)  for  each  category  yields  directly  the  water 
volume  retained  by  the  area.  Additionally,  knowing  the  change  in  water 
storage  and  the  surface  inflow  and  outflow,  it  is  possible  to  calculate  the 
evapotranspiration  and  seepage,  as  illustrated  in  the  model  of  figure  15. 


Between  February  14  and  March  22  of  1973,  three  successive  sets  of 
LANDSAT -MSS  data  were  combined  with  existing  ground-truth  data  and  the 
DCS  data  for  Conservation  Area  1.  During  this  period,  the  water  levels 
were  declining,  as  noted  previously  in  the  hyHrograph  of  figure  8,  and  the  ^ 

enhanced  imagery  v -igure  12.  For  February  14  through  March  22,  the 
evapotranspiration  and  seepage,  s.irf«,ce  water  distribution,  and  storage 
for  Conservation  Area  1 were  computed  as  shown  in  figure  16,  This  trial 
run  indicated  that  an  operational  water-management  model  for  the  Ever- 
glades is  feasible. 
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SYSTEM  DESCRIPTION 


A system  to  satisfy  the  hydrologic  data  needs  of  water  resources 
management  is  illustrated  in  figure  17.  This  system  would  be  configured 
to  achieve  the  benefits  available  from  the  combined  use  of  LANDSAT  MSS 
imagery  and  in  situ  monitoring  by  DCS. 

The  DCS  part  (figure  18)  of  the  system  is  operational,  however,  the 
imagery  part  is  not.  One  reason  for  this  is  the  long  delay  (approximately 
6 to  8 weeks  after  a LANDSAT  pas*'  in  obtaining  LANDSAT  imagery  and 
computer  tapes.  The  other  reason  is  the  difficulty  of  locating  DCPs  and 
other  point  sampling  stations  within  'he  LANDSAT  images  and  tapes.  A 
computer  technique  (ref  17)  has  recently  been  developed  that  will  permit 
the  earth  coordinates  (latitude  and  longitude)  of  the  sampling  station  to  be 
called  up  and  displayed  on  the  LANDSAT  scene  (figure  19). 

LANDSAT  MSS  images  provide  data  on  scene  radiance,  and  changes  in 
scene  radiance  corresponding  to  water  "color"  (reflectances)  ai.i  changes 
that  may  be  a result  of  parameters  that  include  depth,  turbidity,  chlorophylls, 
algal  population,  particulate  carbon  among  others.  In  situ  measurements, 
by  field  teams  or  a DCP  are  essential  to  quantify  the  LANDSAT  image 
response.  LANDSAT  imagery  used  as  an  adjunct  to  the  point- sampling 
provides  an  economical  basis  for  extrapolating  water  parameters  from  the 
point  samples  to  unsampled  areas,  and  provides  a synoptic  view  of  water 
mass  boundaries  that  no  amount  of  ground  sampling  or  monitoring  can  pro- 
vide. 


The  water  budget  example  developed  for  Conservation  Area  1 uses 
water  stage  from  DCPs  with  water  surface  area  from  imagery  to  obtain 
water  stage-volume  relations,  r’igure  20  shows  a color-enhanced  image 
of  southern  Florida  in  LANDSAT  band  7,  As  in  the  case  of  Conservation 
Area  1,  water  stage  is  associated  with  scene  radiance  as  denoted  by  color 
but  must  be  quantified  by  in  situ  measurements  within  each  color  category. 
The  synoptic  view  by  LANDSAT  and  computer  processing  (refs  17  and  18) 
rapidly  provides  surface  area  and  volume  relations. 

In  addition  to  using  LANDSAT  imagery  to  extrapolate  from  DCP  meas- 
urements, LANDSAT  imagery  is  also  useful  for  optimizing  the  deployment 
of  DCPs  and  field  teams.  A~  noted,  LANDSAT  responds  to  radiance  and 
differences  in  scene  radiance.  Analysis  of  this  imagery  may  show  that  two 
DCPs  are  occupying  a water  body  of  similar  radiance.  On  the  other  hand, 
the  imagery  may  show  areas  in  which  a significant  change  has  occurred  and 
in  which  a DCP  should,  perhaps,  be  positioned  to  quantify  change.  For 


example,  LANDSAT  imagery  may  be  used  to  monitor  a basin  wherein  mining 
is  occurring.  A change  in  radiance  of  a water  body  in  the  area  u ay  be  very 
significant.  A field  team  may  be  deployed  to  point  sample  and  to  set  up  a 
DCP  to  quantify  reasons  for  change. 

The  LANDSAT  MSS  data  also  provide  an  economical  base  for  computer- 
ized mapping  of  land  use  about  DCPs  providing  water  quality  indicators,  i.  e. , 
dissolved  oxygen,  conductivity,  turbidity,  etc.  Ready  access  of  land  use 
information  about  these  DCPs  will  permit  cause-effect  studies  which  will 
result  in  a better  understanding  of  factors  causing  changes  in  water  quality. 


SirMMARY 

The  usefulness  of  LANDSAi  to  improving  the  overall  effectiveness  of 
collecting  and  disseminating  hydrologic  data  was  evaluated.  .'ANDSAT  MSS 
imagery  and  in  situ  monitoring  by  lANDSAT-DCS  were  used  to  evaluate 
their  separate  and  combined  capalnlities. 

Twenty  data  collection  platforms  were  established  in  southern  Florida. 
Water  level  and  rainfall  measurements  were  collected  and  disseminated  to 
users  in  less  than  2 hours,  a significant  improvement  over  conventional 
techniques  requiring  up  to  2 months.  The  improved  network  performance 
is  having  a significant  and  beneficial  impact  on  the  development  of  water 
budgets  and  the  water  distribution  to  the  people,  fauna,  and  flora  of  southern 
Florida. 

LANDSAT  imagery  was  found  to  significantly  enhance  the  utility  of 
ground  measurements.  Water  stage  is  correlated  with  water  surface  areas 
from  imagery  in  order  to  obtain  water  stage -volume  relations.  As  an  adjunct 
to  the  point  sampling,  the  imagery  provides  an  economical  basis  for  extra- 
polating water  parameters  from  the  point  samples  to  unsampled  data  and 
provides  a synoptic  view  of  water  mass  boundaries  th'»t  no  amount  of  grounu 
sampling  or  monitoring  could  provide.  Additional  hardware  and  software 
developments  are  needed  to  fully  achieve  the  benefits  available  in  the  com- 
bined use  of  DCS  and  MSS  data. 

The  DCS  system  is  now  an  operational  element  in  the  hydrologic  data 
network  in  south  Florida.  Water -stage  and  rainfall  from  ground  stations 
are  transmitted  from  the  Everglades  via  LANDSAT,  the  NASA  tracking 
stations,  and  the  Geological  Survey,  to  the  Corps  of  Engineers.  Other  users 
receiving  water  resource  data  from  this  network  include  Central  and  Southern 
Florida  Flood  Control  District,  the  National  Park  Service,  and  the  U.S.  Fish 
and  Wildlife  Service. 
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The  importance  of  the  space-relayed  data  can  also  be  shown  by  a com- 
parison of  the  accuracy  and  frequency  of  data  received  through  the  Miami 
Geological  Survey  teletypewriter  with  data  from  the  existing  remote  I’adio  trans- 
mission systems  in  southern  Florida.  Even  though  these  microwave  systems 
transmit  "line -of- sight"  from  tower  to  tower,  the  frequent  meteorologic 
disturbances  in  south  Florida  prevent  the  reliable  transmissions  of  accurate 
synoptic  information  on  rainfall  and  water  stage  that  is  essential  in  managing 
water  resources.  LANDSAT  on  the  other  hand,  has  been  providing  the 
Geological  Survey  with  five  transmissions  of  these  parameters  per  day  and 
an  opportunity  to  service  faulty  platform  recorders  within  24  hours.  This 
enhances  the  opportunity  for  a constant  flow  of  information  and  makes  it 
possible  for  the  U.  S.  Corps  of  Engineers  and  the  Central  and  Southern 
Florida  Flood  Control  District  to  make  daily  decisions  in  managing  and 
controlling  the  water  resources. 

The  DCS  System  also  makes  it  possible  to  develop  strateg.es  for 
efficient  field  manpower  deployment.  For  example,  with  DCS,  manpower 
can  be  deployed  to  malfunctioning  stations  or  to  stations  that  are  recording 
extraordinary  hydrologic  conditions  where  supplementary  manual  measure- 
ments are  highly  desirable.  The  emphasis  can  be  shifted  to  sending  per- 
sonnel where  they  are  most  needed,  instead  of  the  routine  station-servicing 
trips.  This  improves  the  manpower  efficiency,  decreases  the  down-time 
of  hydrologic  instruments  and  data  loss,  and  frees  manpower  for  new  high- 
priority  activities.  Also,  data  from  the  network  can  be  made  available  in 
near-real  time  to  meet  the  growing  data  needs  of  water-resource  manage- 
ment agencies. 
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Table  1 


DATE 

DAY 

TIME 


TYPICAL  WATER  LEVEL  AND  RAINFALL  REPORT 
TELECOPIED  TO  DATA  USERS 


uses  MIAMI  FLA. 

DATA  FROM  LANDSAT  SATELLITE 
WATER  SURFACE  ELEVATION  FT  MEAN  SEA  LEVEL 


32 

FRI 

2343 

33 
SAT 
2348  ’ 

34 

SUN 

2354 

35 

MON 

2359 

36 

TUE 

2221 

37 

WED 

2227 

38 

THUR 

2355 

16.62 

16.61 

16.61 

16.59 

16.  56 

16.  53 

16.  52 

16.48 

16.47 

16.49 

16.46 

16.44 

16.43 

16.42 

16.44 

16.42 

16.42 

16.41 

16.39 

16.37 

16.  35 

12.36 

12.34 

12.  33 

12.  30 

12.27 

12.26 

12.  23 

12.  10 

12.07 

12.05 

12.02 

12.00 

11.98 

11.97 

9.42 

9.38 

9.38 

9.36 

9.  31 

9.26 

9.  21 

8.67 

8.64 

8.64 

8.61 

8.  58 

8.56 

8.54 

8.47 

8.46 

8.46 

8.44 

8.43 

8.42 

8.41 

8.41 

8.40 

8.39 

8.38 

8.37 

8.36 

8.  35 

5.67 

5.66 

5.65 

6.64 

5.62 

5.62 

5.61 

2.77 

2.76 

2.75 

2.74 

2.73 

2.72 

2.71 

6.71 

6.67 

6.65 

6.61 

6.57 

6.54 

1 

6.50 

RAINFALL  IN  INCHES 


Note;  Readings  will  be  revised  as  later  data  are  recci 
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12397A  1 


Photo  mosaic  of  Florida,  compiled  from  16  LANDSAT  images 
between  October  1972-April  1973  of  band  7 of  the  multi- 
spectral  scanner.  The  delineated  area  is  the  Everglades. 
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12397  A 2 


A LANDSAT  Multispectral  Imape,  Band  7,  March  22,  1973, 
NASA,  E-1242-15240,  of  South  Florida.  The  areas  outlined 
are:  Conservation  Areas  1,  2,  and  3 and  Shark  River  Slough 
Lake  Okeechobee  can  be  seen  at  top  of  photo. 


Fiaure  2 
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Data  collection  platform  in  Conservation  Area  1.  These 
stations  collect  and  transmit  water-level  and  rainfall  data 
for  relay  by  LANOSAT. 


Figure  6 


Team  collecting  ground  truth  data  such  as  planl  cornmi  nity 


Figure  7 


identiiication  and  soil  characteristics  in  Conservation 
Area  1. 


0 


Figure  8 Data  are  transmitted  from  the  aata  collection  platforms  in  the 
Everglades  (A)  via  LANDSAT  to  NASA  tracking  stations  at 
Goldstone,  Calif. , and  GSFC,  Greenbelt,  Md.  (E).  The  data 
are  then  transmitted,  via  NASA  communications  network,  to 
the  Geological  Survey  office  in  Miami. 


WATER  LEVEL  (FEET  ABOVE  fwlSL) 


(D 

'U 

s 

h 

u 

1 


Figure  9 


Hydrographs  compiled  from  daily  recordings  from  three  DCPs 
in  Conservation  Area  1,  February  14  - March  22,  1973.  During 
this  period  LANDSAT  MSS  imagery  was  collected  for  the  three 
LANDSAT  overflights  noted  as  cycles  11,  12,  13. 


2433 


■» 


I 


a 


1 


i 


3 


i 


j 


Legend 


Approx  Scale 


Direction  of  Watff  Fionv 


I ~ ] S«iw(|rjss  Mixed  Grass 

Myrtle  Holly  Heatfs 


Transition 


P'jirie  Tree  Island 
Aquatic  Sloughs  Lakes 

Rirfge  Sawqrass  Myrtle 


: I Stwgrass  Cattdil 

^ Aqujlic 

jj^m  Siwgrass  Pickerelweecf  Brush 
( _ I 5.nvgfjss  Spikerosh 

Mdidencane 


Vegetation  zones  of  Conservation  Area  1 -\s  determined  by 
US  Department  of  Interior,  Fish  and  Wildlife  Service, 
Bureau  of  Sport  Fisheries  and  Wildlife. 


Figure  1 1 
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12397A  13 
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Figure  13  Schematic  of  use  of  space-relayed  data  to  calculate  surface- 
water  storage.  LANDSAT  data  of  three  successive  passes  on 
February  14,  March  4,  and  March  23,  1973,  of  Conservation 
Area  1 were  used  to  demonstrate  feasibility  of  this  method 
of  determining  surface-water  storage. 
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Discharge 


Rainfall 


Data  Collection 
Platforms: 

Stage  and  Rainfall 


Figure  14  Location  of  ground  truth  station  used  in  the  evaluation  of  the 
February  14,  March  4,  and  March  22,  1973,  MSS  data  for 
Conservation  Area  1, 
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Figure  15  Schematic  of  use  of  space -relayed  data  to  calculate  cvapo- 

transpiration  and  seepage.  LANDSAT  data  of  three  successive 
passes  on  February  14,  March  4,  and  March  22,  1973,  of 
Conservation  Area  1 were  used  to  demonstrate  feasibility 
of  deternuning  evapotranspiration  and  seepage. 
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total  rainfall* 

lO.AOO  ACRE  - FT 
(20,221,200  M*) 


NET  DISCHARGE* 
11,150  ACRE -FT 

(12,773,880  M*l 


TOTAL  discharge* 
I4,83A  ACRE-FT 

(18,413,822  M^) 


Figure  l6  Hydrologic  measurements  compiled  for  interpreting  MSS  data 
for  February  14,  March  22,  1973  in  Conservation  Area  1. 
Source  of  Data;  l,'.S.  Corps  of  Engineers,  oral  communication. 
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Figure  18  Schematic  of  proposed  system  of  parameters  that  are  being 
connected  to  data  collection  platforms  in  water  management 
areas  in  Florida.  The  sample  and  hold  memory  system 
developed  by  the  Geological  Survey  will  allow  a daily 
collection  of  between  18  and  24  hours  of  data  on  the  needed 
parameters  to  complete  a water  quality  and  quantity  budget. 
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Simulated  TV  display  of  LANDSAl  MSS  data  with 
annotated  location  m.  p of  DCl-'s.  Disjday 
inputs  include  latitude  and  longitude  of  scene 
center  and  theme  (land-water  catcpories) 
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THE  USE  OF  LANDSAT  DCS  AND  IMAGERY  IN 
RESERVOIR  MANAGEMENT  AND  OPERATION 


Saul  Cooper,  New  England  Division,  Corps  of  Engineers, 

Waltham,  Massachusetts;  Dr.  Paul  Bock,  University  of  Connecticut, 
Storrs,  Connecticut;  Dr.  Joseph  Horowitz,  New  England  Division, 
Corps  of  Engineers;  and  Dennis  Foran,  University  of  Connecticut 


1.0  INTRODUCTION 


V76-I76 


The  New  England  Division  (NEDl , Corp.  of  Engineers 
has  experimented  with  the  LANDSAT- 1 Data  Collection  and  Imaging 
Systems  for  more  than  two  years,  following  the  launch  of  the  satel- 
lite in  July  1972.  T,he  purpose  of  this  experiment  has  been  to  eval- 
uate the  future  usefulness  of  data  products  received  from  satellites 
such  as  LANDSAT  in  the  day-to-dny  operation  of  the  NED  water  rc 
sources  systems  used  to  control  floods. 

2. 0 BACKGROUMD 


The  New  England  region,  shown  on  figure  1,  is  com- 
prised of  a number  of  water sheris,  draining  hilly  terrain.  The 
NED  area  of  responsibility  covers  all  of  Maine,  New  Hampshire 
and  Vermont  to  the  western  limits  of  the  Connecticut  River 
basin,  Massachusetts,  Connecticut  to  the  western  edge  of  the 
Housatonic  River  basin  and  Rhode  Island,  Most  oi  the  population 
in  New  England  lives  in  the  southern  and  central  regions.  With 
the  high  degree  of  development  that  has  taken  place  along  the 
rivers  and  coastal  locations  have  come  *hc  perennial  problems  of 
floo  i damage  and  flood  protection.  The  Corps  of  Engineers  has 
expended  over  $300  million  for  a flood  control  system  consisting 
of  35  reservoirs,  37  local  protection  projects  and  4 hurricane 
barriers.  The  flood  control  plan  in  each  river  hasin  consists  of 
upstream  reservoirs  and  dikes  and  floodwalls  at  the  principal 
damage  cent^  -s.  All  reservoirs  have  storage  allocated  for  flood 
control  and  many  have  storage  for  other  uses  such  as  recreation, 
water  supply  and  conservation.  NED  reservoirs  presently  have 
no  storage  for  power,  irrigation  or  navigation. 

The  New  England  Division  also  is  responsible  for  pro- 
viding such  Hood  prevention  aids  as  engineering  reports  on 
streams,  shores  and  flood  plains,  flood  insurance  studies  and 
flood  plain  management  services.  National  disaster  recovery 
and  restoration  work  is  a continuing  responsibility  of  the  Corps. 
The  Division  also  improve.s  harbors  and  navigation  channels 
and  administers  laws  relating  to  the  preservation  of  navigable 
waters  as  well  as  protection  of  water  and  overall  cnvironminlal 
quality. 
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THE  NATURE  OF  FLvOODlNG  IN  NEW  ENGLAND 


2.  1 


The  New  England  region  is  subject  to  floods  every 
month  ol  the  year.  The  probability  is  greatest  in  the  spring  when 
snowmelt  occurs  and  the  rivers  are  flowing  at  or  near  bankfull 
capacity  for  several  weeks.  Most  of  the  ru:nor  and  moderate 
floods  occur  during  the  spring  runoff  period  and  can  encompass 
the  entire  region  rather  than  a single  basin.  During  the  hurri- 
cane season,  various  portions  of  the  region  may  be  exposed  to 
both  river  and  tidal  flooding  related  to  the  path  of  a hurricane. 
Coastal  storms  in  any  season  may  produce  similar  although  usu- 
ally less  severe  conditions. 

2 . 2 THE  NEW  ENC.T.AND  DIVISION  WATER 

CONTROL  SYSTEM 


Figure  2 shows 

locations  of  the  Corps  of  Engineers 

flood  control  reservoirs  in  New  England,  most  of  which  are  in  the 
following  river  basins; 

Basin 

Square  Miles 

Connecticut 

11, 300 

Merrimack 

5,  000 

Hous  atonic 

1,900 

Thames 

1,500 

Blackstone 

500 

The  four  hurricane  barriers  are  on  the  southern  New 
England  coastline  --  one  in  Massachusetts,  one  in  Rhode  Island, 
and  two  in  Connecticut. 

Of  the  35  reservoirs,  seven  hold  back  floodwaters  auto- 
matically, with  releases  controlled  by  small  ungated  conduits. 
These  projects  control  runoff  from  drainage  areas  of  3 to  20 
square  miles.  The  remaining  28  reservoirs,  with  drainage  areas 
of  approximately  25  to  1,  000  square  milet,  are  gated,  staffed  24 
hours  a day,  with  all  storages  ayid  releases  under  the  direction  of 
the  New  England  Division,  Reservoir  Control  Center  (RCC)  in 
Waltham,  Massachusetts.  Figure  3 shows  North  Hartland  Lake, 
in  Vermont,  under  normal  conditions,  while  figure  4 shows  the 
same  reservoir  using  50  percent  of  its  storage  capacity  to  hold 
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back  floodwaters  of  early  July  1973.  Figure  5,  the  Quinebaug 
River  at  Putnam,  Connecticut  in  1955,  shows  the  type  of  damage 
that  can  occur  in  the  absence  of  any  flood  control  measures. 

Most  of  the  NED  reservoirs  are  regulated  initially  to 
reduce  damaging  stages  on  their  respective  tributaries.  Further, 
in  each  of  the  five  river  basins  the  reservoirs  arc  operated  as 
part  of  a f'ood  control  plan  to  optimize  flood  stage  reductions  at 
main  stem  damage  centers.  Flows  are  regulated  to  desynchro- 
nize their  contributions  to  main  stem  flooding.  Following  a flood 
the  stored  waters  are  released  from  each  reservoir  as  quickly 
as  downstream  conditions  permit  in  order  to  have  storage  space 
available  for  the  next  flood. 

Two  of  the  four  hurricane  barriers  have  navigation 
gate  openings,  and  NED  is  responsible  for  directing  the  closure 
of  these  gates  during  sev'ere  coastal  storms  and  hurricanes  to 
prevent  damage  from  tidal  flooding.  Figure  6 is  a picture  of  the 
New  Bedford  Hurricane  barrier  located  in  New  Bedford,  Massa- 
chusetts. 

2.  3 DATA  COLLECTION  FOR  WATER 

RESOURCES  REGULATION 

2.3.1  Introduction 

Regulation  of  a large  flood  control  system*  to  prevent 
potential  damages  requires  the  acquisition  of  important  hydro- 
meteorological data  on  a reliable  and  timely  basis.  The  types  of 
data  required  and  time  constraints  thereon  have  gradually  in- 
creased, not  only  with  the  growing  number  of  projects  in  Nev 
England,  but  also  with  the  increasing  complexities  of  functional 
requirements  associated  with  the  individual  projects  and  systems. 
The  following  paragraphs  will  outline  the  manner  in  which  tlie 
New  England  Di  ision  has  responded  to  these  needs  to  date. 

2.3.2  His>^orical  Perspective 


Until  the  late  1950's  NED  did  not  have  sufficient  reser- 
voirs in  a single  river  basin  to  exert  a large  amount  of  control. 
Data  collection  was  through  field  observation  or  telephone  relay 
from  instruments,  with  all  information  reaching  the  RCC  via 
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telephone.  Although  this  was  time-consunting  and  subject  to  com- 
munication outages,  telephone  lines  were  considered  adequate  to 
meet  regulation  needs  of  that  time. 

With  the  growth  of  the  flood  control  system  over  the 
past  15  years,  NED  can  now  effectively  reduce  flooding  on  the 
tributaries  as  well  as  control  levels  on  main  stems  in  the  basins 
it  regulates.  In  the  lV60's  a comprehensive  voice  radio  data  col- 
lection network  was  established  in  order  to  operate  the  NED  flood 
control  system.  Each  manned  dam  and  hurricane  barrier  was 
equipped  witii  a voice  radio  for  relaying  data,  as  well  as  for  re- 
ceiving instructions  from  the  i’eservoir  Control  Center.  All 
project  managers,  residing  at  t’  ‘’ir  respective  dams,  arc  re- 
sponsible for  obtaining  and  reporting  data  from  a group  of  index 
stations,  cither  from  tclephonically  equipped  river  gages,  cooper- 
ative observers  or  visual  observations.  This  information  usually 
consists  of  river  stages  and  conditions  at  strategic  locations, 
precipitation  reports  in  the  basin,  climatologic  and  hydrologic  de.ta 
at  the  dams,  and  snow  cover  in  the  late  winter  and  spring  months. 

2,3.2.  1 The  NED  Automated  Data  Collection  System  for 

Real  Time  Management  of  Water  Tvcsourccs 

Receiving  reports,  even  by  voice  radio  from  approxi- 
mately 30  projects  is  still  time  consuming;  therefore , in  January 
1970,  NED  dedicated  a new  Automatic  Hydrologic  Ratlio  Reporting 
Network  (AHRRN).  ITiis  system  consists  of  41  remot  ■ (unmanned) 
reporting  stations  which  are  situated  at  key  itidex  locations  and 
report  information  such  as  river  stage,  reservoir  level  and  pre- 
cipitation directly  co  RCC  in  real  time.  Two  stations  provide  data 
for  the  operation  of  hurricane  barriers  by  reporting  tide  elevation, 
wind  speed,  wind  direction  and  barometric  pressure.  Four  ground- 
based  relay  stations  transmit  signals  from  different  sections  of 
New’  England  to  RCC.  Ir.  order  to  bring  strong,  reliable  radio  sig- 
nals from  remote  reporting  stations  to  the  relays,  12  repeater 
stations  have  also  been  established  at  various  locations  within  the 
system.  Figure  7 shows  the  location  of  the  41  remote  unmanned 
reporting  stations,  12  repeater  and  4 relay  stations.  Table  1 lists 
the  reporting  stations  and  parameters. 

The  reporting  stations  and  repeaters  use  batteries  as 
primary  sources  of  power.  This  eliminates  many  problems  that 
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can  arise  during  major  floods  and  hurricanes  when  power  and 
telephone  lines  are  down  and  normal  means  of  communication 
fail.  Batteries  are  charged  either  by  thermoelectric  generators 
or  AC  power  where  available.  When  the  outside  source  of  power 
is  out,  the  batteries  have  sufficient  energy  to  operate  for  about 
three  weeks  without  recharging.  The  relays  are  operated  on 
conamercial  power  and  backed  up  by  gasoline  generators. 

The  Automatic  Hydrologic  Radio  Reporting  Network  is 
interfaced  at  the  RCC  to  a computer  and  can  be  interrogated  in 
either  a rnanual  or  automatic  mode.  Under  computer  programmed 
control,  reporting  stations  can  be  interrogated  singly  or  as  a 
group  at  automatically  selected  or  various  time  intervals.  Nor- 
mally an  interrogation  of  all  stations  is  made  every  6 hours;  how- 
ever, during  flood  periods  the  system  is  interrogated  every  I or 
3 hours.  During  hurricanes  or  severe  coastal  storms  the  two 
coastal  stations  report  every  15  or  30  minutes.  Response  time  is 
about  3 seconds  for  interrogation  of  any  given  station.  A complete 
set  of  readings  for  all  41  stations  is  obtained  and  primed  out  in 
approximately  4 minutes  (see  figure  8).  River  stage  data  is  con- 
verted to  flow  and  all  data  received  at  the  RCC  are  stored  in  the 
computer  for  further  analysis. 

Also,  information  received  at  RCC  is  retransmitted  to 
five  strategic  manned  reservoirs.  In  addition,  each  of  these  can 
interrogate  certain  stations  in  its  own  area  without  going  through 
the  RCC. 

2.3.3  The  Need  for  Further  Advancements  in 

Improved  Water  Information  Systems 

Technological  advancements  in  data  collection,  trans- 
mission and  analysis  must  continue  to  meet  the  growing  demand 
of  the  public  in  multiple  use  water  resources  management  and  the 
parallel  need  for  preservation  of  environmental  quality.  The  RCC 
pursues  studies  in  these  areas  which  show  promise  of  in'plemonta- 
tion  either  to  improve  functions  or  reduce  costs. 

3.0  Till-  Ni:W  ENGLAND  DIVISION  LANDSAT 

EXPERLMENT  - SCQPH  AND  OBJECTIVES 

The  purpose  of  this  study  is  to  determine  and  report  on 
the  extent  hydromcteorologic  information  received  from  LANDSAT 


can  he  utilized  by  the  Reservoir  Control  Center  in  the  perform- 
ance of  its  regulation  functions  related  to  the  operation  of  water 
control  projects. 

3.  1 DATA  COLLECTION  SYSTEM  STUDIES 


LANDSAT-1  has  been  the  first  earth  satellite  available  for 
d V lonstrating  the  potential  of  satellites  to  relay  hydrometeoro- 
lo  ical  data.  NED's  studies  with  the  LANDSAT-1  Data  Collection 
System  have  had  the  following  goals: 

a.  Helping  evaluate  the  potential  future  usefulness 
of  earth  satellites  in  the  relay  of  real  time  hydrometeorological 
dat  in  the  day-to-day  operation  of  NED  v^ater  resource  projects 
ant  including:  (1)  the  development  of  statistics,  based  on  the 
I,i\.  DSAT-1  experience,  that  demonstrate  aspects  of  the  relationship 
bet  veen  satellite  relay  and  the  currently  existing  means  of  ac- 
quiring this  data,  and  (2)  a preliminary  investigation  into  the 
desirability  and  feasibility  of  establishing  and  operating  a satel- 
lite network  on  a Corps -wide  basis. 

b.  Assisting  in  evolving  procedures  for  the  selec- 
tion of  the  most  economically  feasible  and  technically  useful  com- 
bination of  data  collection  points  to  provide  all  necessary  infor- 

, nation  for  the  optimal  regulation  of  our  water  control  system. 

'.2  IMAGERY  AND  IMAGER Y /DATA  COLLECTION 

SYSTEM  INTERACTION  STUDIES 


The  analysis  of  LANDSAT  imagery  at  the  New  England  Divi 
sion  has  been  ‘‘  cused  on  an  ■ . -ilu.'tion  of  the  \bility  of  tho  I.ANDSAT 
imagery  to  provide  useful  and  timely  supplementary  hydrologic 
ii'formation  for  reserv'oir  regulation  purposes.  NED's  studies 
with  the  I.ANDSAT- 1 Inrvrin:'  Sy.sto  'i  hav;'  h ;d  the  g'’'  :l 

a.  Determining  the  extent  to  which  LANDSAT  1 iii-ir’c” 
can  supolenient  or  replace  present  data  sources  in  assessing 
various  operationally  useful  phenomena  such  as: 

(1)  Location  and  coverage  of  surface  waters, 
especially  it -ng  flood  and  low  flow  periods. 

(2)  Icing  conditions  on  rivers,  lakes,  reservoirs 


r/i/ir 


and  around  hurricane  barriers. 


(3)  Turbidity  and  sedm^cntation  in  lakes  and 

reservoirs. 

(4)  Location  and  extent  of  snow  cover, 

(5)  Location  and  extent  of  excessive  precipitation 

accumulation. 

(6)  Tidal  levels  and  flooding  at  or  near  hurricane 

barriers. 

(7)  Soil  moisture  conditions. 

b.  Assessing  the  value  of  the  LANDSAT  Data  Collection 
System  for  providing  the  ground  truth  necessary  for  correlation 
with  information  acquired  from  the  images. 

The  imagery  portion  of  the  New  F.ngland  Division  LANDSAT 
investigation  has  been  accomplished  under  subcontract  by  the 
University  of  Connecticut  at  Storrs,  under  the  supervision  of 
Dr.  Paul  Bock,  Co-Principal  Investigator. 

4.  0 Till-  NEW  1-NC.LAND  DIVISION  LANDSAT 

KXPERIMENT  - PKOCLDURKS  AND  RESULTS 

4.1  t>\tA  COLLECTION  SYSTEM  STUDIES 

4.1.1  The  LANDSAT- 1 Data  Collection  System 

The  New  England  Division,  Corps  of  Lngineers  LANDSAT-  1 
Data  Collection  System  is  comprised  of  26  remote  reporting  sta- 
tions, better  known  as  Data  Collection  Platforms  or  DCP's.  The 
system  relays  hydrometeorological  information  such  as  river 
stage,  precipitation,  wind  and  water  quality  parameters  from  points 
located  all  over  New  England  to  the  Reservoir  Control  Center  in 
near  real  time. 

Each  installation  contains  a sensor  or  sensors,  a 24- 
volt  power  supply,  sensor  to  DCP  interface  equipment,  a weather 
resistant  shelter,  the  NASA  supplied  DCP  consisting  of  logic  to 
accept  up  to  64  bits  of  data  in  serial/parallel  or  analog  form  and 


an  antenna  to  transmit  data  to  the  satellite.  Figure  9 shows  the 
equipment  necessary  for  operating  a precipitation  station,  figure 
10  shows  a typical  river  gaging  site,  and  figure  11  shows  the  lo- 
cations of  all  the  DCP's.  Table  2 lists  the  DCP's  with  associated 
pertinent  information  for  each. 

Data  are  transmitted  by  the  DCP's  to  LANDSAT-1,  thence 
to  NASA's  ground  receiving  stations  at  Goddard  Space  Flight 
Center  in  Maryland  or  Goldstone  in  California,  and  finally  through 
Goddard  to  RCC  via  a teletype  link  supplied  by  NASA  for  this 
experiment.  The  nominal  time  lag,  from  transmission  at  the  re- 
mote site  to  RCC  has  been  45  minutes. 

4.  1.  1.  1 The  Role  of  the  Satellite 


The  satellite,  in  a near  polar  orbit  about  547  miles  above 
the  earth,  makes  a complete  circuit  every  103  minutes  with  each 
successive  orbit  displaced  westward  by  about  1,400  miles  at  our 
latitude  (between  40°  and  50°  N).  Each  day  there  are  14  complete 
orbits  and  the  succeeding  day's  orbits  are  displaced  65  miles 
westward  from  the  previous  day  (see  figure  12).  This  progression 
allows  complete  imagery  coverage  of  the  entire  world  once  every 
18  days.  For  data  collection,  information  is  obtained  whenever 
the  spacecraft  is  in  mutual  view  of  a LANDSAT  DCP  and  one  of  the 
ground  receiving  stations.  Readings  can  always  be  obtained  from 
the  orbital  pass  nearest  to  our  area,  and  often  from  the  orbital 
tracks  immediately  to  the  east  and  west  of  this  (103  minutes  ear- 
lier and  later),  dependent  upon  the  distance  between  the  satellite 
and  the  DCP.  This  series  of  two  or  three  data  collection  oppor- 
tunities occurs  twice  daily  --  during  the  morning  when  the  satellite 
is  taking  pictures  over  the  Western  Hemisphere  and  also  at  night, 
on  the  'back-side'  of  what  are  the  daylight,  picture-taking  tracks 
for  the  Eastern  Hemisphere.  During  each  data  collection  oppor- 
tunity the  satellite  is  in  view  for  a few  to  as  many  as  13  minutes 
between  the  times  it  appears  and  recedes  over  the  horizon.  The 
exact  duration  of  this  period  depends  upon  how  far  east  or  west  of 
the  DCP's  the  pass  is  occurring  and  upon  the  extent  to  which  local 
obstructions  interfere  with  the  fields  of  view  of  the  individual 
DCP's.  In  normal  operation,  eauh  DCP  is  continuously  transmit- 
ting data  at  3-minute  intervals.  Thus,  during  each  data  collection 
opportunity  period  NED  can  obtain  from  one  to  five  readings  from 
each  DCP. 
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4.  1.1.2  DCS  Data  Products 


In  addition  to  near  real  time  relay  of  data  from  Goddard 
via  our  teletype  link,  computer  compatible  punched  cards  and  data 
printouts  have  been  provided  by  NASA  on  a regular  basis  via  mail. 
The  cards  form  the  basic  input  to  our  data  analysis  effort, 

4,1,2  DCP  Maintenance  and  Performance 


As  of  29  May  1974,  27  data  collection  platforms  had  ex- 
perienced field  service,  two  others  were  used  intermittently  by 
the  U.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory 
(CRREL)  and  an  additional  DCP  was  excluded  from  the  statistics 
because  it  was  defective  since  delivery. 

There  have  been  302  operational  DCP  months  over  the 
entire  LANDSAT  experimental  period  thus  far,  with  one  DCP  month 
equivalent  to  one  DCP  operating  for  one  month.  Over  this  span 
nine  installed  DCP's  have  experienced  component  malfunctions, 
four  more  than  once.  There  has  been  a total  of  14  DCP  component 
malfunctions,  with  an  average  of  4.  0 months'  operation  before 
malfunction.  Eight  occurred  in  two  months  or  less,  many  being 
due  to  improper  installation.  The  remaining  18  DCP's  that  have 
never  experienced  component  malfunction  are  enjoying  long  life- 
times, some  approaching  two  years,  thus  leaving  normal  DCP 
life  expectancy  undetermined.  Table  3 summarizes  DCP  compo- 
nent malfunction  statistics. 

Environment- related  failures  of  the  DCP's  over  the 
entire  LANDSAT  experimental  period  from  23  July  1972  through  29 
May  1974  have  been: 

Vandalism  = three  instances  (all  to  the  DCP  antenna) 

DCP  site  struck  by  a truck  = one  instance  (damaged 

the  antenna) 

Inundation  by  flood  = one  instance 
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Sensor  performance  has  been  good.  River  stage  sensors 
have  been  maintained  in  good  working  oraer  by  the  U.S.  Geological 
Survey  and  precipitation  sensors  at  dams  by  the  National  Weather 
Service,  Some  problems  associated  with  ice  jams  have  occurred 
and  are  described  in  section  4. 1.6.2.  The  remaining  precipita- 
tion, coastal  wind  velocity  and  water  quality  instruments  have  been 
maintained  by  NED  personnel.  Heavy  buildup  of  solid  wastes  has 
caused  failure  of  the  water  quality  sensors  several  times,  leading 
to  the  removal  of  two  water  quality  monitors  to  cleaner  waters. 

The  24-volt  Gel-Cell  battery  sets  {each  consisting  of  four 
6-volt  batteries  connected  in  series)  have  performed  well.  How- 
ever, it  appears  that  if  a set  of  batteries  is  allowed  to  discharge 
below  20-  volts  its  ability  to  hold  a recharge  is  greatly  reduced. 
Such  recharged  batteries  discharge  more  rapidly  under  load  and 
are  more  susceptible  to  failure  during  cold  weather  than  new  bat- 
teries. The  new'  sets  last  at  least  six  months,  with  an  average  life 
of  8.2  months  before  failure.  However,  as  new  batteries  exceed  a 
certain  age,  the  number  of  transmissions  from  their  sites  de- 
creases, i.e,,  on  the  average,  the  number  of  transmissions  from 
a given  site  remains  nearly  constant  for  the  first  five  months  of 
battery  life,  but  steadily  declines  thereafter  ua.Il  complete  battery 
failure  (see  figure  13), 

The  overall  Data  Collection  System  performance  is  sum- 
marized as  follows: 

NASA-supplied  DCP  equipment  that  survived  an  initial 
3 to  5 month  operational  period  after  installation  had  a low  proba- 
bility of  failure  of  approximately  one  in  seven.  Installation  re- 
lated failures  sharply  reduced  as  proper  installation  techniques 
became  better  defined  and  understood.  Consequently  19  of  the  last 
21  system  failures  (no  transmissions  or  erroneous  transmissions 
from  a site  until  DCP  and/or  battery  replaced)  have  been  due  to 
battery  failure.  Figure  14  is  a chronology  of  the  Data  Collection 
System  performance  characteristics. 

Faulty  sites  have  usually  been  easy  to  detect.  Most  often 
a site  simply  goes  off  the  air;  hqwever,  on  occasion  a DCP  will 
transmit  data  despite  a fault.  In  this  case,  invalid  bit  patterns  are 
usually  transmitted.  When  the  readings  arrive  at  a constant  ratio 
of  bad  to  good  in  the  case  of  river  stages  or  when  they  come  in 
streaks  of  totally  bad,  then  totally  good  for  precipitation,  the 
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problem  probably  lies  with  the  interface  between  the  sensor  and  the 
DCP,  However,  when  the  good  and  bad  readings  are  randomly  dis- 
tributed, the  DCP  is  almost  always  at  fault. 

Because  of  the  experimental  aspect  of  our  mission,  DCP 
site  servicing  has  been  g-ven  a low  priority,  and  replacement  has 
taken  two  weeks  in  some  cases.  However,  in  an  operational  mode 
replacement  need  not  exceed  one  or  two  days  for  our  remotest  lo- 
cations. Holding  a 10  percent  surplus  of  equipment  has  proved 
adequate  for  all  our  DCP  maintenance.  No  regular  servicing  of  the 
DCP's  should  be  necessary  in  an  operational  mode  except  preven- 
tive maintenance  and  battery  replacement  every  six  months. 

4.1.3  DCS  Data  Analysis 

The  following  definitions  are  required: 

a.  Signal  - A radio  signal  sent  every  3 minutes  by  a 
DCP  containing  station  ID  and  sensor  data 

b.  Message  - A sip^nal  relnyed  by  I.ANDSAT-1  to  NASA 

c.  Report  - All  messages  transmitted  during  a single 
pass  of  liANDSAT-l  from  a particular  DCP 

Data  were  stored  for  computer  processing  from  punched 
cards,  with  the  data  separated  by  DCP  number  and  time  of  report, 
and  hen  analyzed. 

As  of  20  September  1973,  a significant  change  was  made 
in  the  criteria  for  l.ANDSAT  data  transmitted  from  NASA  to  Nlil). 
Previously,  only  the  highest  confidence  level  (No.  7)  data  had  been 
transmitted  from  NASA,  However,  meaningful  operational  statis- 
tics could  only  be  derived  xf  ail  data  (confidence  levels  0 through  7) 
were  received  at  NED.  So,  commencing  on  this  date,  data  were 
received  from  NASA  regardless  of  confidence  level.  DCS  relia- 
bility statistics  in  the  following  section  apply  only  to  this  new  data 
base. 

4 . 1 , 3 , 1 DCS  Reliability 

In  measuring  the  reliability  of  the  DCS,  consideration  was 
given  to  comparing  satellite  relayed  data  with  recorded  sensor  data. 


However,  in  most  instances,  sensor  data  was  recorded  either  every 
15  minutes  or  every  hour  while  DCP  data  was  received  at  3-minute 
intervals  whenever  the  satellite  was  over  the  region.  Visual  com- 
parisons were  made  of  the  two  sets  of  data  and  it  was  concluded 
that  within  the  time  limitations  they  were  basically  the  same.  The 
DCS  punched  data  cards  contained  the  station  identification,  date 
and  time,  64  data  bits,  confidence  levels  for  the  data,  varying  from 
a low  of  zero  to  a high  of  seven,  and  an  error  flag  to  denote  errors 
in  various  portions  of  the  message.  DCS  reliabixity  was  measured 
as  a percentage  of  "Good  Reports"  divided  by  the  total  number  of 
reports  received.  Good  reports  were  defined  as: 

a.  Those  consisting  of  only  one  message  --  a NASA 
confidence  level  of  7 and  a valid  bit  pattern. 

b.  Those  consisting  of  multiple  messages  at  3-minute 
intervals  - ••  agreement  between  two  consecutive  messages  within 
certain  established  limits  and  a valid  bit  pattern.  Limits  were: 

River  Stage  --  0.  19'  difference  between  readings 

Precipitation  - - 0,  19"  difference  between  readings 

Water  Quality  - -no  difference  between  readings 

The  0.  19  foot  difference  between  river  readings  v/as  se- 
lected as  being  the  maximum  that  might  be  expcv.ted  to  occur  during 
a moderate  size  flood  and  is  equal  to  about  4 feet  per  hour.  The 
same  applies  for  the  precipitation  range  v.iich  would  be  at  a rate 
of  4 inches  per  hour.  No  difference  was  allowed  for  water  quality 
since  these  values  were  sensed  on  the  hour  and  held  in  storage  for 
1 hour.  If  successive  values  did  not  agree  they  were  flagged  by 
the  computer  and  visually  checked  to  see  if  the  difference  occurred 
at  the  sensing  hour.  For  the  period  20  September  1973  through  29 
May  1974  results  from  16  DCP  sites  showed  13,440  good  reports 
versus  13,  560  total  reports  received  or  a reliability  percentage  of 
99.  1.  The  remaining  10  sites  were  not  included  m the  .statistics 
because  they  did  not  report  continuously  during  this  period  for 
various  reasons.  Technical  problems  with  one  of  the  three  water 
quality  monitors  were  not  corrected  until  the  spring  of  1974.  Four 
precipitation  ga^es  and  one  watef  quality  station  were  not  completely 
nstallcd,  two  river  gages  and  one  coastal  station  reported  inter- 
mittently during  the  period  and  one  other  site  was  abandoned. 
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4. 1,3.  2 DCS  Data  Availability 


The  availability  of  data  from  an  operational  DCP  is  a 
function  of  two  parameters  designated  as  follows: 

a.  Field  of  View  - the  openness  of  a site  for  unob- 
structed radio  transmissions  to  the  satellite, 

b,  Smollite  Coincidence  - LANDSAT-l  simultnneously 
within  tho  field  of  view  of  a DCP  and  a ground  receiving  station, 

DCP  and  battery  failures  and  problems  also  influence 
data  availability;  however,  replacement  is  so  simple  and  can  be  so 
fast  that  any  losses  due  to  these  need  not  be  considered  for  the  pur- 
poses of  this  discussion. 

To  obtain  an  approximation  to  field  of  view,  regardless 
of  the  length  of  record,  the  following  were  exercised  fo»*  each  site 
location: 


a.  Separate  the  data  into  18-day  cycles, 

b.  Take  the  maximum  number  of  reports  received  for 
each  day  with  respect  to  the  18-day  cycle  (i,  e,,  day  1 through  18) 
regardless  of  the  cycle  in  which  it  occurs.  For  example,  find  the 
number  of  reports  received  for  the  sixth  day  of  each  cycle,  take 
the  maximum  of  these  numbers  and  call  that  thr  number  of  reports 
possible  for  the  sixth  day  of  all  cycles, 

c.  Sum  the  number  of  reports  possible  for  each  of 
the  days  as  found  in  "b"  above  to  find  the  total  nuntber  of  reports 
possible  per  18-day  cycle. 

Based  on  the  geographically  varied  locations  of  DCP's 
indications  are  that  mountaintop  sites  have  the  best  field  of  view 
(92  to  95  reports  possible  per  18  days);  unobstructed  coastal, 
damsite  and  wide-channeled  river  locations  have  good  fields  of 
view  (86  to  92  reports);  and  obstructed  locations  generally  have 
poor  fields  of  view  (78  to  84  reports).  Trees  represent  the  main 
obstruction  in  our  cases,  though’  buildings  have  also  been  a prob- 
lem, A little  tree  trimming  w'ill  generally  improve  field  of  view 
considerably.  Field  of  view  statistics  together  with  descriptions 
of  the  site  locations  are  sumn.arized  in  table  4. 


Concerning  satellite  coincidence,  for  each  day  and  any 
one  DCP,  the  total  satellite  coincidence  consists  of  less  than  one 
hour.  Every  12  hours  LANDSAT-l  makes  seven  orbits.  Of  these, 
only  two  or  three,  103  minutes  apart,  involve  the  relay  of  data 
from  our  DCP's  to  NASA,  During  the  best  of  these,  satellite  coin- 
cidence lasts  up  to  12  or  13  minutes  (maximum  of  five  messages 
relayed).  In  the  other  or  others  satellite  coincidence  is  consider- 
ably shorter.  The  total  number  of  messages  transmitted  from  a 
DCP  in  the  course  of  a day  is  usually  around  17-and  rarely  ex- 
ceeds 20.  In  a situation  where  readings  are  needed  every  two  or 
three  hours  (e.g.,  , flood  situation)  the  LANDSAT-l  DCS  is  inadequate. 

4.  1.4  Seasonal  Variation 


Seasonal  weather  variations,  including  extreme  winter 
cold  (to  -30°  Fahrenheit)  and  summer  heat  (to  100°  Fahrenheit  and 
higher)  have  had  no  noticeable  effects  on  the  life  or  performance  of 
any  of  the  components  of  the  DCS  nor  on  the  availability  or  relia- 
bility of  any  of  the  DCS  data. 

4.1.5  Comparison  of  LANDSAT  DCS  and  NED’s 

Automatic  Ilydrolovic  Radio  Reporting  Network 

To  determine  the  feasibility  of  data  collection  by  satel- 
lite we  must  compare  all  aspects  of  such  a system  with  conven- 
tional data  collection  techniques.  Specifically  at  the  New  England 
Division  we  can  compare  maintenance  and  performance  charac- 
teristics, data  reliability  and  availability,  and  cost  of  the  LANDSAT 
DCS  with  our  current  Automatic  Hydrologic  Radio  Reporting  Net- 
work (AHRRN), 

For  the  period  20  September  1973  through  29  May  1974 
the  AHRRN  had  37  failures  in  331  operational  montiis  for  an  aver- 
age of  one  failure  per  8.95  operational  months  (an  operational 
month  is  equivalent  to  one  station  operating  for  one  month).  The 
LANDSAT  DCS  has  experienced  34  failures  in  302  operational  months 
yielding  one  failure  per  8,88  months.  While  these  averages  are 
not  significantly  different  it  is  noted  that  the  34  DCS  failures  in- 
cluded 20  battery  failures  which  probably  would  not  have  occurred 
in  an  operational  situation  with  routine  battery  replacement  every 
six  months,  and  several  installation  related  failures.  In  other 
words  the  comparison  handicaps  the  LANDSAT  DCS  since  the  AHRRN 
is  already  debugged  and  operational. 
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On  an  overall  system  basis,  all  data  n the  AHKRN  is 
ultimately  passed  to  the  Reservoir  Control  Center  by  the  Wachusett 
Relay  in  Massachusetts.  Failure  of  this  \.ould  be  roughly  equiva* 
lent  to  satellite  failure.  However,  satellite  failure  almost  always 

requires  complete  and  costly  replacement.  1 

Bol.i  the  AllllRN  and  the  I.ANDSAT  DCS  have  system  relia- 
bilities over  99  percent  which  easily  surpasses  the  requirements 
of  the  RCC. 


The  AHRRN  is  activated  by  command  from  the  RCC  and 
yields  real  time  data,  while  the  LANDSAT  DCS  yields  near  real  time 
data,  but  only  during  satellite  coincidence,  ’this  represents  the 
bi|rg;cst  performance  difference  between  the  LANDSAT  DCS  and  the 
AHRRN.  For  RCC  data  must  be  available  in  real  time  at  2-  to 
3-hour  intervals.  With  a direct  downlink  (ground  receiving  sta- 
tion) at  the  New  England  Division,  a geostationary  satellite  would 
satisfy  these  requirements  --  two  satellites  in  orthogonal,  non- 
polar orbits  might,  but  LANDSAT- 1 alone  is  insufficient. 


Two  key  advantages  to  data  collection  by  satellite  are 
the  portability  and  flexibility  of  the  data  collection  platforms. 

The  DCP's  can  be  placed  in  remote  locations  quickly,  easily  and 
without  the  almost  prohibitive  expense  of  setting  up  the  additional 
repeater  and  relay  radio  stations  necessary  for  comparable  expan- 
sion of  the  AHRRN, 


Prclimirvirv  cost  .‘inidy^es  Pcr*’ormcd  b'.twccn  ■;  F.ANIl'.AT 
type  system  satisfying  RCC's  requirements  ar.d  the  New  England  ' 

Division  AHRRN  have  shown  that  data  collection  by  satellite  would 

be  more  economical  than  conventional  data  relay  methods  if  eni-  > 

ployed  on  a Corps-wide  basis  wijh  a minimurr.  of  2,  000  platforn.s. 

The  AHRRN  had  an  initial  cost  per  station  in  1969-70  of  $20,000. 

This  figure  includes  all  equipment  involved  in  the  total  system 
(i.e.,  transmitters,  antennas,  4 relays,  12  repeaters  and  tlic  cen- 
tral control  facility  with  a computer  for  data  readout  and  processing). 


ii.444 


NED  estimates  the  initial  cost  of  an  operational  orbiting  satellHe 
data  collection  system  to  be  between  $5,  000  and  $10,  000  per  DCP 
station.  This  figure  is  based  upon  2 operational  satellites,  10 
ground  receiving  stations  and  2,000  DCP's  nationwide.  This  cost 
per  station  could  be  decreased  by  adding  more  stations  to  the 
system. 

4.1.6  DCS  Operations  During  Flood  Situations 

During  the  New  England  Division  LANDSAT-1  experiment 
several  significant  flood  events  occurred  which  proved  to  be  of  ex- 
ceptional importance  for  the  overall  assessment  of  LANDSAT  DCS  for 
operational  flood  control  purposes. 

4. 1.6,1  June-  .ily  1973  Flooding  in  New  Enrland 

A major  flood  occurred  in  Vermont  and  New  Hampshire 
during  the  latter  part  of  June  and  the  first  days  of  July  1973.  Rain- 
fall amounts  for  the  3-day  period  ending  8 a.m,  on  1 July  ranged 
up  to  5 to  8 inches  in  the  mountainous  areas  of  the  Mevrimack  and 
Connecticut  River  basins.  This  produced  the  largest  July  flood 
of  record  in  the  northern  areas  of  the  Merrimack,  upstream  of 
Franklin  Falls  Dam.  The  Vermont  rivers  which  drain  into  the 
Connecticut  River  also  experienced  record  levels  for  this  time  of 
year  and  caused  the  highest  summer  flood  along  the  Connecticut 
River  in  New  Hampshire  and  Vermont,  with  a lesser  degree  of 
flooding  in  Massachusetts  and  Connecticut.  All  flood  control 
reservoirs  in  the  Conne  ticut  and  Merrimack  basins  were  closed 
during  the  flood  period.  Storage  utilized  ranged  from  a low  of 
6 percent  to  a high  of  66  at  both  Franklin  Falls  Dam  in  the  Merri- 
mack and  North  Springfield  Lake  in  the  Connecticut,  with  a mean 
of  27  percent  for  the  19  reservoirs  involved.  Estimates  are  that 
the  flood  control  system  in  the  Connecticut  River  basin  prevented 
$27  million  in  damages  and  the  Merrimack  system  $3  million,  for 
a total  of  $30  million. 

The  LANDSAT-1  Data  Collection  System  demonstrated  the 
potential  usefulness  of  real  time  data  relay  by  satellite  during  the 
entire  6 -day  flood  period.  LANDSAT  DCS  showed  that  rclinblo  data 
can  be  obtained  with  no  ad%’-erse  effect  upon  the  system'.?  perform- 
ance from  the  stressful  meteorologic  and  hydrologic  conditions. 
However,  the  frequency  of  data  relay  from  the  present  satellite 
configuration  was  inadequate  for  operational  flood  control  purposes. 


458 


A reporting  interval  of  2 or  3 hours  is  essential  for  'lood  regula- 
tion in  New  England. 

Nevertheless,  data  relayed  by  LANDSAT-1  proved  useful  in 
augmenting  the  information  obtained  through  existing  New  England 
Division  data  collection  methods.  DCP's  provided  data  from  re- 
mote river  gages  in  the  State  of  Maine,  from  which  real  time  data 
is  not  otherwise  obtainable.  The  Androscoggin  and  Saco  Rivers 
reached  flood  stages  and  LANDSAT  monitoring  followed  the  progress 
of  these  events. 

This  contribution  proved  useful  in  obtaining  a more  com- 
plete picture  of  the  flood  to  help  Corps  emergency  coordination 
activities  in  watersheds  where  there  are  no  flood  control  projects. 
The  information  was  also  forwarded  to  the  U.S.  Geological  Survey 
and  the  National  Weather  Service  River  Forecast  Center  for  their 
use  during  the  critical  stages  of  this  flood  period. 

LANDSAT- 1 also  provided  data  from  several  rivers  in  highly 
urbanized  areas  of  southeastern  New  England  to  contribute  to  the 
overall  flood  picture. 

4. 1.6,2  Annual  Spring  Floods  in  Northern  Maine 

Rivers  in  northern  Maine  are  subject  to  annual  spring 
flooding  as  a result  of  melting  snow.  These  floor’s  are  occasion- 
ally of  considerable  magnitude,  especially  when  aggravated  by 
unseasonably  warm  temperatures  or  heavy  rains.  Because  of 
man-made  developments  along  its  banks,  the  Saint  John  River  in 
northernmost  Maine  is  particularly  associated  with  damaging 
floods.  Fort  Kent  is  the  first  major  town  in  the  path  of  the  flood- 
waters. 


The  DCP  located  at  Fort  Kent  successfully  monitored 
record  flood  conditions  in  May  of  1973,  oncj  again  proving  the 
utility  of  satellites  for  real  time  relay  of  data  from  geographic- 
ally remote  areas.  As  a result  of  this  experience  and  a meeting 
between  officials  from  Canada  and  the  United  States,  the  DCP  at 
Ninemile  Bridge,  in  the  headwaters  of  the  Saint  John,  was  estab- 
lished in  July  1973,  This  key  index  station  for  flood  forecasts  of 
the  river  is  inaccessible  during  the  spring  runoff  period  and  has 
never  been  attainable  for  near  real  time  data  acquisition. 
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Beginning  1 April  1974,  the  New  England  Division  began 
relaying  information  from  the  DCP's  on  the  Saint  John  River  in 
Maine  on  a daily  basis  to  the  New  Brunswick  Electric  Power  Com- 
mission to  evaluate  a new  flood  forecasting  computer  program.  / 

On  1 May,  the  flood  of  record  occurred  at  Fort  Kent,  exceeding 
the  previous  year's  stage  by  about  2 feet.  Unfortunately,  ice  jams 
at  both  DCP  locations  caused  serious  problems  for  the  river  gages 
during  this  runoff  period.  At  Ninemile  Bridge,  ice  jamming  near 
the  gage  first  caused  unnaturally  high  stages,  rendering  the  data 
useless  for  forecasting  purposes;  later  the  ice  damaged  the  gage 
itself  causing  the  transmission  of  meaningless  information.  At 

Fort  Kent,  useful  information  was  obtained  up  to  the  time  of  the  f 

flood  peak,  when  a breaking  ice  jam  destroyed  the  gage,  and  dam- 
aged all  equipment  beyond  repair. 

The  1974  experience  re-emphasizc.s  the  utility  of  satel- 
lite relay  of  data  from  these  remote  areas,  but  at  the  same  lime 
makes  all  the  more  urgent  some  action  concerning  the  effect  of 
ice  jams  on  river  gaging  activities. 

4,1.7  Questionnaire  to  Determine  Corps-Wide  Need 

for  Automated  Data  Collection 

A questionnaire  was  sent  to  all  Corps  of  Engineers  offices 
in  July  of  1973  to  obtain  information  on  current  Corps -wide  data 
collection  facilities  and  projected  future  needs.  A total  of  4,437 
field  locations  was  determined  to  be  sufficient  to  adequately  fulfill 
the  Corps  near  real  time  data  collection  needs  over  the  next  five 
years,  with  3,970  of  these  to  be  fully  automated.  A tabulation  of 
the  Interrogation  Time  Requirements  for  the  various  parameters 
appears  in  table  5. 
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The  need,  over  the  next  five  years,  for  nearly  4,  000  fully 
automated  data  collection  stations  is  far  more  than  required  for  an 
economical  Corps-wide  operational  orbiting  satellite  system  as 
compared  with  ground-based  n^cthods  (see  section  4. 1.5),  In  view 
of  the  potential  o.oiting  satellite  configurations,  wuere  continuous 
or  hourly  data  is  difficult  to  access,  we  intend  to  requestion  all 
Corps  offices  which  requested  data  on  these;  bases.  We  expect  tbit 
in  most  instances  receipt  of  the  data  in  a longer  time  frame  would 
be  acceptable.  Two  satellites  in  orthogonal  orbit  could  provide 
data  once  every  two  hours,  A geostationary  saiclliio  would  satisfy 
all  requirements;  however,  the  economic  feasibility  of  this  has  yet 
to  be  determined. 

4,1.8  Conclusions  and  Reconunendations 

NED  concludes  that  data  collection  by  orbiting  satellite 
relay  is  both  reliable  and  feasible.  Orbiting  satellite  systems  can 
be  designed  that  arc  more  flexible,  easily  ntair.iained  and  less  t x- 
pensive  than  conventional  ground-based  means. 

The  only  drawback  with  the  LANDSAT  -1  DCS  for  NKD  opera- 
tional purposes  is  the  frequency  of  data  reports  (four  to  six  times 
daily).  However,  it  should  be  emphasized  that  tiio  LANDSA’I'-l  DCS 
is  an  experiment  to  test  the  feasibility  of  data  collection  by  orbit- 
ing satellite.  An  operational  system  could  be  designed  involving 
more  than  one  satellite,  to  increase  the  frequency  of  data  reporting. 

Based  on  its  LANDSAT- 1 experience.  N'F.D  endorses  the  in 
stitution  of  a satellite  data  collection  system  on  a Corps-wide  basis 
or  a nationwide  system  with  other  Federal  and  State  agencies, 
whether  it  be  of  the  orbiting  typo  with  which  wo  liavc  oxporimented, 
or  the  geostationary  kind,  for  which  evaluation  is  not  yet  available. 

Since  any  operational  satellite  configuration  should  in- 
clude ground  receive  stations  at  all  major  user  locales  to  enable 
direct  receipt  of  information  from  the  satclliio  or  satellites  rather 
than  acquisition  from  a national  center,  NED,  with  NASA  support, 
is  constructing  an  inexpensive  si  miautomalic  and  e.’sily  main- 
tained ground  rccoi.e  station.  This  is  cxpeccod  to  further  demon- 
strate the  utility  of  satellite  data  relay  by  testing  a system  in  a 
quasi-opcrational  mode. 


4.2 


IMAGERY  AND  IMAGERY /DATA  COLLECTION 
SYSTEM  INTERACTION  STUDli:S 

The  purpose  of  the  LANDSAI  -l  imagery  investigation  is  to 
develop  practical  uses  of  the  ima«>«‘ry  in  support  of  reservoir 
management  and  control  operations  within  the  New  England 
Division. 


The  analysis  of  the  lANDSAT  imagery  is  directed  toward  de- 
velopment of  operational  botteflts  derived  from  improved  NED  opi  r- 
ations  rather  than  to  "research”  objectives  per  se.  The  thrust  of 
the  study  is  to  integrate  interpretations  of  tlic  imagery  analysis 
with  DCS  information, data  front  the  Automatic  Hydrologic  Radio 
Reporting  Network  (AHRRN)  and  that  from  other  conventional 
sources.  The  study  is  intended  to  explore  the  potential  ot  LANDSAl 
imagery  in  contributing  toward  an  improved  information  base  for 
timely  reservoir  management  decisions  of  the  NED  Reservoir 
Control  Center. 

4.  c.  1 The  ERTS-  1 Imaging  System 

The  liANllSAT-  I imaging  system  consists  of  the  orbiting  satel- 
lite with  its  sensor  payload,  the  ground  receiving,  telemetry,  and 
tracking  stations;  and  data  processing  facility.  It  is  a passive  re- 
mote sensing  system  which  receives  and  processes  reflected  solar 
radiation  from  the  earth's  surface.  The  radiation  is  received  from  a 
given  surface  area  of  the  earth  in  discrete  segments  of  time  (period 
of  exposure  measured  in  fractions  of  a second)  with  a relatively 
long  recurrence  interval  of  18  days.  The  LANDSAT  imngery  produced 
by  the  processing  of  reflected  solar  radiation  for  a given  surface 
area  can  be  thought  of  as  instantaneous  slices  in  time  out  of  the 
continuous  and  changing  view  one  would  have  from  the  vantage  point 
of  the  satellite's  position  in  space  over  the  given  surface  area  for 
the  period  of  the  mission.  These  'slices'  are  arranged  so  as  to  oc- 
cur under  the  optimum  (overall)  viewing  conditions  over  the  desired 
surface  area  of  coverage  compatible  with  the  systematic  and  repeti- 
tive orbiting  o:  the  satellite.  Ov'cr  the  NED  region  this  process  of 
'slicing'  began  on  26  July  1972  at  approximately  10  a.m,  (EST)  as 
LANDSAT  p.isscd  over  c/istcrn  Maine  for  the  first  time  am'  has  lieon 
repeated  every  18  days  since. 
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The  major  controllable  factor  in  providing  optimvim  view- 
ing conditions  of  the  earth's  surface  is  the  diurnal  occurrence  of 
solar  illumination.  The  regularity  and  period  of  this  has  enabled 
the  satellite  orbital  motion  to  be  synchronized  so  as  to  permit  the 
instantaneous  views  or  slices  to  be  taken  under  the  most  favorable 
daily  solar  illumination  conditions.  Major  disruptive  factors  for 
which  no  orbital  compensation  has  been  made  are  irregularly  oc- 
curring, surface  obscuring  atmospheric  conditions  such  as  haze 
or  cloud  cover;  also  seasonal  and  geographic  variation  in  solar 
elevation  angle.  Other  factors  which  influence  viewing  conditions, 
occurring  at  or  near  the  surface  will  be  discussed  later  in  this 
report. 

The  areas  covered  in  individual  LANDSAT  image  frames  are 
approximately  100  nautical  miles  square.  New  England  and  its 
coastal  waters  are  covered  in  30  frames  taken  on  five  orbital 
passes  corresponding  to  five  successive  days  (see  figure  15),  the 
sequential  cycle  repeating  itself  every  18  days. 

Some  portions  of  successive  days'  orbital  paths  overlap 
to  provide  a glimpse  of  24-hour  repeated  coverage.  This  is  an 
incidental  feature  of  the  system  which  nevertheless  has  allowed  the 
observation  of  interesting  snowmelt  and  ice  melt  phenomena  in 
the  course  of  this  investigation.  These  studies  in  the  overlap  re- 
gions have  provided  us  with  some  experimental  experience  of  the 
usefulness  of  24-hour  repeat  coverage  for  NED  purposes.  The 
width  of  the  corridor  corresponding  to  the  portion  of  overlap  of  two 
orbital  paths  is  latitude  dependent,  being  greater  for  higher  lati- 
tudes them  lower  ones.  In  the  New  England  region  the  range  is  be- 
tween approximately  39  miles  at  40°  latitude  and  52  miles  at  50^ 
latitude. 

Repeated  imagery  coverage  of  a given  area  is  not  neces- 
sarily in  perfect  registration.  Image  centers  may  vary  crosstrack 
within  a nominal  ground  distance  of  25  miles  and  in-track  within  a 
nominal  distance  of  20  miles.  This  investigation  has  shown  very 
little  crosstrack  variation  and  a comparatively  large  in-track  vari- 
ation which  sometimes  exceeded  the  nominal  range  of  variation, 

4.2, 1.1  Sensors 

The  following  sections  briefly  describe  the  RBV  and  the 
MSS  systems  aboard  LANDSAT- 1.  Due  to  early  failure  of  the  power 
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system  of  the  RBV,  nearly  all  products  analyzed  in  this  investiga- 
tion are  from  the  MSS. 

4.  2. 1. 1.  1 Return  Beam  Vidicon  Camera 


The  Return  Beam  Vidicon  Camera  (RBV)  is  essentially 
a high  resolution  TV  system  that  contains  three  separate  cameras 
operated  in  three  spectral  bands:  blue-green  .475  - , 575  micro- 
meters, green-yellow  . 580  - . 680  micrometers,  and  red-IR  .698  - 
,830  micrometers.  The  cameras  view  the  same  ground  scene,  100 
nautical  miles  on  a side  (see  figure  16  ). 

As  the  cameras  are  shuttered,  images  are  stored  on 
photo- sensitive  surfaces  on  each  vidicon  tube.  These  are  then 
scanned  sequentially  to  produce  video  outputs  which  are  transmitted 
directly  to  a ground  receiving  station  if  it  is  within  range  or  stored 
temporarily  on  video  tape  to  be  transmitted  when  LANDSAT  comes 
withi  the  range  of  a ground  station.  To  produce  overlapping  im- 
■ . on  ground  along  the  direction  of  the  LANDSAT  motion,  the 
i...  '..eras  are  shuttered  every  25  seconds.  At  the  ground  the  infor- 
mation received  from  the  RBV  is  recorded  on  magnetic  tape. 

4.  2. 1.1.2  Multispectral  Scanner 

The  Multispectral  Scanner  (MSS)  is  an  optical-mechani- 
cal scanner  consisting  of  an  oscillating  mirror  which  sweeps  re- 
peatedly across  the  nadir  of  the  satellite  orbital  path  reflecting 
image  fragments  onto  photo  detectors  via  an  optical  network  (sec 
figure  17).  The  width  of  the  scanned  strip  is  100  nautical  miles, 
identical  to  that  for  the  RBV.  Optical  energy  is  sensed  by  the 
detectors  simultaneously  in  four  spectral  bands:  0.5  - 0.6,  0.  6 - 
0.7,  0.7  - 0.8,  0.8  - 1.  1 micrometers.  During  ground  proces- 
sing 100  X 100  nautical  mile  frames  are  constructed  from  the  con- 
tinuous strip.  Figure  18  shows  the  same  LANDSAT  frame,  taken  over 
southwestern  New  England,  in  each  of  the  four  MSS  spectral  bands. 

4.  2. 1.2  Imagery  Products 

LANDSAT  imagery  output  consists  of  black-and-white  and 
color  products,  and  digital  tapes.  The  black -and-wu.te  imaj^es 
come  in  70  mm.  and  9.  5 x 9.  5 inch  sizes,  the  color  in  the  9.  5 inch 
size  only.  Images  are  available  as  negative  or  positive  transparen- 
cies or  paper  prints,  but  not  necessarily  all  of  these  for  each  size 
or  type.  Digital  output  is  available  as  either  7 track  (556  bpi)  or 
9 track  (800  bpi)  computer  compatible  tapes  (CCT's). 
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Two  different  types  of  processing  can  he  applied  to  the 
LANDSAT  output,  for  both  the  photographic  and  digital  tape  outputs. 
Bvdk  (or  system  corrected)  processing  refers  to  the  "normal" 
imagery  processing  which  contains  the  radiometric  and  initial 
spatial  corrections  introduced  during  the  process  of  video  tape  to 
fUm  conversion  but  not  those  corrections  provided  by  the  precision 
processing  subsystem.  Precision  (or  scene  corrected)  processing 
refers  to  all  imagery  that  has  received  the  extra  radiometric  and 
spatial  corrections  provided  by  the  precision  processing  subsys- 
tem, including  transformation  into  Universal  Transverse  Mercator 
coordinates. 


In  the  NED  investigation,  the  following  five  types  of  LANDSAT 
ima^  ;ry  products  were  used , all  resulting  from  bulk  (system 
corrected)  processing:  black-and-white  70  mm.  negative  and  posi- 
tive transparencies,  9.5  x 9.5  inch  positive  transparencies  and 
paper  prints  and  9 track,  800  bpi  computer  compatible  tapes. 

4.  2. 1. 2. 1 The  Diazo  Process 


The  diazo  process  of  producing  contact  acetate  color 
composites  of  LANDSAT  scones  from  9.5-inch  system  corrected  black- 
and-white  transparencies  was  used  in  this  study.  With  proper 
registration  composite  images  were  obtamed  for  combinations  of  two 
or  more  MSS  bands,  each  band  being  assigned  a different  color,  such 
as  cyan,  magenta,  red,  etc.  Varying  degrees  of  saturation  of  a 
particular  color  in  a given  band  represented  varying  degrees  of  re- 
flectivity received  in  that  band.  Thus  the  composite  product  al- 
lowed one  image  to  represent  the  information  that  v'ould  otherwise 
have  to  be  obtained  from  each  of  the  constituent  bands  separately. 

4.  2.  2 Imagery  Studies  - Photo  Interpretation 

4.  2.  2.  1 Surface  Waters  - Location  and  Coverage, 

Especially  During  Flood  and  l.ow  Flow  Periods 

Excluding  such  interfering  factors  as  haze  and  cloud 
cover,  and  neglecting  the  effects  of  icing  during  cold  weather,  sur- 
face waters  usually  appear  uniformly  dark  in  the  LANDSAT  near  IR 
bands  (MSS  6 and  7),  almost  completely  absorbing  the  incident  ra- 
diation corresponding  to  these  ranges  of  wavelength.  There  appears 
to  be  less  response  to  the  effects  of  bottom  reflectance  or  suspended 
or  dissolved  materials  in  the  water  in  these  bands  as  compared  with 
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bands  MSS  4 and  5.  For  this  reason,  the  best  deslineation  of  surf’^ice 
waters  is  generally  afforded  by  the  MSS  bands  h and  7. 

Areas  where  vegetative  ground  cover  has  been  stripped 
away  are  also  highly  absorptive  of  near  IR  radiation,  and  appear 
dark  in  MSS  bands  6 and  7.  This  tends  to  mask  the  discrimination  of 
surface  waters  located  in  such  areas  in  these  bands.  This  effect 
tends  to  be  more  pronounced  in  band  MSS-7  than  in  MSS -6.  In 
general  water  still  appears  dark  in  bands  MSS-4  and  MSS-5  com- 
pared with  most  other  features  while  areas  with  stripped  away 
ground  cover  appear  to  exhibit  relatively  high  light  densities.  In 
such  areas,  the  discrimination  between  water  and  land  may  be  better 
in  bands  MSS-4  and  5 than  in  MSS  6 and  7.  Because  of  this,  the 
best  overall  visual  discrimination  between  land  and  water  may  be  in 
a color  con.posite  combining  several  baids. 

Only  the  larger  rivers  in  the  New  England  region  are 
clearly  and  distinctly  displayed  on  LANDSAT  inagery.  These  rivers 
include  the  Connecticut,  Merrimack,  Saint  John,  Androscoggin, 
Allagash,  Aroostook,  Kennebec,  Penobscot,  Housatonic,  Thames 
River  estuary  and  the  Providence  River  estuary.  In  most  cases 
the  delineation  of  surface  water  boundaries  can  be  made  to  within  a 
single  pixel  in  the  near  IR  bands  (MSS-6  and  7);  however,  there  are 
some  exceptions  as  in  cases  where  boundaries  are  indistinct  be- 
cause water  is  adjacent  to  marsh  or  areas  covered  with  aquatic 
vegetation.  Thus,  it  was  concluded  that  a river  must  be  at  least 
2 pixels  wide  in  order  to  be  easily  recognized. 

Mapping  of  flooded  areas  using  LANDSAT  imagery  is 
generally  limited  to  those  that  are  well  displayed  at  scales  down  to 
1:200,000  (enlargement  of  five  times  > which  is  the  limit  of  enlarg- 
ing LANDSAT  photo  imagery  (using  standard  photo  equipment)  before 
significant  blurring  occurs.  This  tends  to  exclude  all  except  the 
very  largest  flood  plains  in  the  NED  region. 

For  most  river  basins  under  jurisdiction  of  the  New 
England  Division,  peak  flood  conditions  usvially  occur  during  pe- 
riods of  limited  visibility  and  atmospheric  interference  by  cloud 
cover.  Lag  times  between  peak  precipitation  and  peak  runoff  tend 
to  be  relatively  short  for  all  but  the  largest  river  basins.  The 
lo./er  Connecticut  River  which  may  crest  several  days  after  the  oc- 
currence of  peak  flood  conditions  in  the  upper  portion,  provides  the 
best  opportunity  for  peak  flood  conditions  to  be  recorded  by  satel- 
lite imagery  in  the  NED  region.  Enough  time  is  probably  available 
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in  most  cases  for  cloud  cover  to  clear  off  before  the  Connecticut 
River  crests  downstream.  Until  such  time  as  atmospheric  condi- 
tions can  be  compensated  for,  satellite  imaging  will  continue  to  be 
severely  limited  for  flood  observations  in  New  England.  Also, 
while  the  18 -day  cycle  of  lANDSAT  coverage  has  allowed  the  observa- 
tion of  several  serious  floods  during  the  course  of  this  study,  more 
frequent  imaging  would  be  essential  for  an  operational  system  de- 
signed to  provide  information  on  all  floods  that  occur,  perhaps  on 
the  order  of  daily  or  even  twice  daily. 

An  interesting  effect  showing  promise  is  the  study  of 
LANDSAT  imagery  over  previously  flooded  areas.  Locations  which 
have  been  invundated  seem  to  retain  their  absorptivity  to  near  IR 
radiation  for  periods  as  much  as  several  months  after  the  flood - 
waters  have  receded.  Figure  19  is  a diazo  color  composite  of  a 
reach  of  the  upper  Connecticut  River  taken  on  24  July  1973,  three 
weeks  after  the  flooding  occurred.  We  believe  the  light  blue  areas 
along  the  river  represent  some  type  of  residual  effect  upon  the  ab- 
sorptivity as  a result  of  the  flooding.  This  may  be  due  to  either 
soil  moisture  or  vegetative  conditions. 

4.  2.  2.  2 Icing  Conditions  on  Rivers,  Lakes,  Reservoirs 

and  Around  Hurricane  Barriers 


The  icing  of  larger  lakes,  rivers  and  reservoirs  is 
readily  apparent  on  LANDSAT  9.5-inch  images,  scale  1:1.000,000. 

Ice  conditions  have  been  well  displayed  on  major  NED  rivers  - 
Connecticut,  Merrimack,  Saint  John,  Allagash,  Aroostook,  Penob- 
scot, Kennebec  and  Androscoggin.  However,  in  the  case  of  smaller 
rivers,  the  same  problem  occurs  with  observation  of  ice  as  obser- 
vation of  rivers  alone.  The  dimensions  of  resolution  elements  be- 
come large  relative  to  those  of  the  object  being  observed  and  a 
clear  pattern  cannot  be  formed.  In  general,  rivers  must  be  at 
least  2 pixels  wide  before  ice  can  be  reliably  detected.  Haze  and 
cloud  cover  may  also  limit  observations  of  ice. 

Based  on  our  experience  to  date  for  larger  rivers, 
lakes  and  reservoirs,  the  study  of  LANDSAT  imagery  can  verify  icing 
conditions  and  specify  the  areal  extent  of  ice  cover.  However,  ice 
thickness  or  liquid  water  equivalency  using  LANDSAT  imagery  could 
not  be  specified.  Reflectivity  differences  in  the  imagery  over  ice 
suggest  that  some  correlation  may  be  possible  between  varying 
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reflectivities  and  ice  condition  (i.e.,  well  frozen  or  melting). 

Icing  around  the  NED  hurricane  barriers  was  not  studied  in  detail 
because  of  inadequate  imagery  spatial  resolution. 

From  an  operational  viewpoint,  repeated  LANDSAT-type 
satellite  coverage  on  a once-a-day  basis  could  effectively  monitor 
the  icing  conditions  of  large  rivers.  In  the  case  of  the  Saint  John 
River,  Maine,  shown  in  both  winter  and  summer  in  figure  20,  the 
spring  thaw  and  breakup  of  ice  has  in  the  past  caused  serious  prob- 
lems of  jamming,  backing-up  of  water  and  then  breaking  and  re- 
leasing floodwaters.  The  flood  of  late  April  1974  at  Fort  Kent, 

Maine  is  a recent  example.  This' particular  river  is  large  enough 
for  such  conditions  to  be  detectable  by  LANDSAT  if  it  were  available  on 
a once-a-day  basis.  The  effective  monitoring  of  these  conditions 
which  often  occur  in  remote  areas  could  provide  valuable  lead  time 
in  preparing  for  flood  conditions  and  in  possibly  taking  remedial 
action,  such  as  breaking  up  of  ice  jams  by  means  of  explosives 
before  they  have  a chance  to  impound  excessive  and  potentially  dan- 
gerous quantities  of  water. 

A glimpse  of  the  type  of  changes  that  could  he  detect- 
able by  daily  coverage  is  shown  in  figure  21.  This  is  a color  com- 
posite picture  of  a portion  of  Lake  Winnipesaukee,  New  Hampshire 
using  the  overlapping  sections  of  imagery  from  two  successive  days 
in  midwinter.  The  ice  which  melted  considerably  from  one  day  to 
the  next  appears  as  the  red  colored  region.  Areas  that  had  ice  on 
both  days  appear  as  white  in  the  picture,  while  those  with  open 
water  on  both  days  are  black, 

4.  2.  2.  3 Turbidity  and  Sedimentation  in  Lakes  and  Reservoirs 

Indications  of  surface  water  qtidlity  characteristics 
are  recognizable  in  LANDSAT  imagery.  Figure  22  is  a dinzo  print 
showing  the  sediment  discharge  plume  of  the  Connecticut  River  into 
Long  Island  Sound  after  a flood.  The  imagery  itself  does  not  specify 
particular  water  quality  parameters  unless  these  are  documented 
and  correlate  with  ground-truth  information.  It  can  indicate  pos- 
sible differences  in  vvater  quality  among  the  various  portions  of  a 
surface  water  body  by  the  display  of  patterns  formed  by  correspond- 
ing variations  in  spectral  properties.  In  the  case  of  figure  22  the 
pattern  is  large  enough  to  be  easily  recognized.  In  the  case  of  inland 
lakes,  rivers,  and  reservoirs  in  New  England,  detection  is  more 
difficult  due  to  limited  spatial  resolution.  Detection  of  relative  dif- 
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ferences  in  water  quality  are  not  possible  for  most  rivers  in  New 
England  because  of  their  limited  sizes  and  the  limited  spatial  reso> 
lution  capability  of  LANDSAT. 

Even  in  welUmixed  situations  where  the  quality  tends 
to  be  homogeneous  in  a given  water  body  and  differential  surface 
patterns  are  not  formed,  some  information  can  still  be  provided 
pertaining  to  water  quality  conditions.  The  spectral  properties  of 
known  polluted  or  suspensoid-laden  waters  can  be  compared  with 
those  of  other  watei  bodies  whereby  differences  can  be  detected. 

Silt  and  algae -ladei.  waters  tend  to  exhibit  relatively  high  light 

densities  in  band  MSS-4  and  to  a lesser  extent  in  band  MSS-5. 

% 

Differences  in  bottom  reflectance  caused  by  varia- 
tion in  light  attenuation  as  a result  of  varying  water  depth  and 
qtiality,  and  by  varying  spectral  properties  of  the  bottom  sediments 
also  manifest  themselves  in  the  imagery.  The  effects  of  water  qual- 
ity and  bottom  reflectance  can  be  so  intermingled  that  it  is  often  dif- 
ficult to  distinguish  them  without  supportive  ground  truth  information. 

The  spectral  aspects  of  turface  waters  can  also  be  af- 
fected by  interfering  factors  such  as  atmospheric  haze  and  scatter, 
as  well  as  glint  from  waves  and  ripples.  The  relatively  wide-band 
spectral  resolution  and  restricted  spectral  range  of  LANDSAT  imagery 
is  also  a limiting  factor  in  identification  of  water  quality  character- 
istics. More  variations  could  probably  be  detected  with  narrower 
bands  and  an  extended  spectral  range  covering  at  least  the  blue  vis- 
ible and  thermal  IR  portions.  Although  some  impressive  exarriplos 
of  water  quality  variations  have  been  detected  by  LANDSAT,  it  should  be 
noted  that  a nvunber  of  instances  of  Ki'.own  differences  have  not  been 
revealed  on  the  imagery.  Further  study  and  relating  of  imagery  to 
ground  truth  is  required  to  establish  the  reason  for  these  apparent 
anomalies. 


The  tinic  intervals  associated  with  changes  in  water 
quality  characteristics  vary  according  to  the  type  of  water  body  and 
the  characteristic  being  considered.  In  the  case  of  eutrophication  in 
lakes  and  reservoirs,  the  changes  are  generally  seasonal  whereas 
the  temporary  silting  of  flooded  streams  and  rivers  ma  l.-»rt  only  a 
day.  Some  pollution  patterns  may  appear  relatively  unc.iangcd  over 
long  periods  of  time,  while  others  may  cti.'iige  from  day  to  day  or 
even  over  shorter  intervals.  The  18-day  cycle  of  coverage  by  LANDSAT 
is  generally  capable  of  detecting  only  longer  term  and  seasonal 
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changes  on  a regular  basis.  The  short  term  post  flood  sediment 
plume  siltation  shown  in  figure  22  was  an  opportune  coverage,  only 
fortuitously  obtained  within  the  18-day  cycle. 

If  LANDSAT-type  imagery  provided  at  least  daily  coverage, 
effective  monitoring  of  post  flood  silting  of  larger  rivers,  reser- 
voirs and  lakes  should  be  possible  as  well  as  many  short  term  pollu- 
tion episodes.  Improved  sp'''*ial  resolution  could  extend  the  effective 
coverage  to  smaller  bodies  of  surface  water. 

4.  2.  2.4  • Location  and  Extent  of  Snow  Cover 

In  general,  NED  winter  snow  cover  patterns  appeer  as 
high  light  density  regions  in  LANDSAT  imagery  in  comparison  to  the  low 
density  noncovered  regions.  It  is  necessary  to  view  the  entire  snow 
pattern  which  in  many  cases  may  cover  more  than  one  image  frame 
in  the  New  England  region,  in  order  to  view  the  scene  with  the  proper 
perspective  and  contrast  relative  to  a nonsnow  covered  background. 
Figure  23  is  a diazo  print  of  midwinter  snow  cover  in  western  New 
England.  The  snow'  covered  areas  appear  as  the  high  light  density 
regions  f’jminating  the  upper  portion  of  the  picture.  Even  though 
there  are  many  shadowed  and  dark  regions  within  ihe  overall  snow 
pattern  due  to  obscuration  by  vegetative  cover  and  to  low'  winter  sun 
angle  upon  hills  and  mountains,  the  overall  pattern  separating  snow 
covered  from  noncovered  regions  is  recognizable.  Viewing  condi- 
tions are  greatly  improved  in  late  winter  and  early  spring  due  to 
better  solar  illumination  anu  shadow  reduction.  Low  sun  elevation 
appears  to  be  the  more  severe  obscuring  factor  than  that  from  the 
direct  masking  effects  of  vegetative  cover.  This  has  been  verified 
by  the  fact  that  in  the  early  spring  the  snow  cover  over  heavily 
forested  arees  highly  visible  in  the  F.ANDSAT  imagery. 

Superimposed  on  the  imaged  snow  cover  pattern  in 
figure  23  are  the  snow  isohyetal  lines  as  determined  from  ground 
truth  snow  surveys.  As  can  be  easily  seen,  the  imagery  shows  the 
snow /no  snow  line  much  more  accurately  than  the  snow  survey  data. 
The  imagery,  however,  does  not  give  any  clue  to  snow  depth  or 
water  content,  the  two  parameters  that  are  obtained  in  the  surveys. 
For  re.servoir  regulation  purposes  the  water  content  of  the  snow- 
pack  is  the  essential  information  to  be  obtaLned,  especially  for 
areas  with  a considerable  accumulation.  The  exact  demarcation  of 
the  snow/no  snow  line  is  of  little  or  no  use  for  reservoir  regulation 
as  the  snow  water  content  n these  areas  is  negligible.  Thus,  the 


potential  of  LANDSAT-type  imagery  with  the  present  sensor  package 
to  provide  snow  information  equivalent  to  that  obtained  from  snow 
courses  for  reservoir  regulation  purposes  is  all  but  nonexistent. 
Finally,  if  I.ANDSAT  could  provide  information  on  snow  water  content, 
the  18-day  cycle  of  coverage  would  be  too  long  for  operational  use- 
fulness. Weekly  coverage  would  be  necessary. 

4.2.  2. 4.1  Contoocook  Basin  Snowmelt  Study 

An  intriguing  opportunity  to  assess  the  potential  of 
LANDSAT  imagery  for  providing  information  concerning  nnowmelt  was 
afforded  to  this  investigation  in  the  spring  of  1973.  A considerable 
amount  of  snowmelt  occurred  over  the  Contoocook  River  basin  in 
New  Hampshire  between  6 and  7 April  1973.  On  both  days  the  area 
was  imaged  by  LANDSAT  as  it  was  located  in  the  overlap  region  between 
two  successive  orbits.  The  images,  shown  in  figure  24,  were 
taken  at  approximately  10  a.m,  on  the  respective  days.  The  Con- 
toocook River  basin  is  outlined  and  labelled  'B'. 

Based  on  detailed  study  of  the  images  and  correspond- 
ing hydrometeorological  data  from  ground  truth  sources*  , the  fol- 
lowing information  would  have  been  provided  by  LANDSAT  had  daily 
repetitive  coverage  been  available  in  an  operational  system: 

a.  The  LANDSAT  imagery  added  to  the  body  of  evidence 
tending  to  indicate  that  the  high  levels  of  runoff  over  the  period  6 to 

9 April  1973  were  significantly  contributed  to  by  meltwater. 

b.  LANDSAT  imagery  provided  confirmation  tliat  snow 
covered  most  of  the  basin  on  6 April  1973  at  10  a.m.  and  fixed  the 
time  during  which  most  of  the  snow  cover  disappeared  as  the  24-hour 
period  from  10  a.m.  6 A''ril  to  10  a.m.  7 April  1973. 

c.  LANDSAT  imagery  provided  information  about  snow 
cover  distribution  changes  over  areas  too  distant  from  regular  daily 
measurement  stations  for  n.caningful  extrapolation,  especially  at 
high  elevations  along  the  basin  divide  where  accumulations  appeared 
to  remain  on  7 April  after  melting  had  taken  place  at  other  locations. 

In  summary,  based  on  the  implications  of  the  b and  7 
April  lANDSAT  coverage  of  the  Contoocook.  it  can  be  concluded  that  some 
useful  information  on  snowmelt  might  be  extractable  for  Reservoir 
Ccotrol  Center  purposes  if  data  on  a daily  basis  were  available. 
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4.2.2.  5 


Location  and  Extent  of  Excessive 
Precipitation  Accumulation 


Although  no  specific  instances  were  studied,  it  is  lively 
that  excessive  precipitation  accumulation  on  the  ground  could  be  de- 
tected by  LANDSAT  imagery  in  cases  where  pooling  at  a scale  large 
enough  to  be  resolvable  by  LANDSAT  would  occur.  All  of  the  same  im- 
agery attributes  and  limitations  previously  described  for  location 
and  coverage  of  surface  waters  would  likely  apply  here. 

4.  2.2.6  Tidal  Levels  and  Flooding  at  or  Neai  Hurricane  Barriers 

Only  cursory  looks  at  the  LANDSAT  imagery  have  h-^n  made 
of  tidal  levels  and  flooding  at  the  NED  hurricane  barriers.  Th..  kind 
of  information  must  be  obtained  in  real  time  to  be  operationally  useful 
to  NED.  Also  data  must  be  obtained  during  storm  situations,  at  night, 
and  at  sufficient  ground  resolution  to  be  operationally  useful.  None 
of  these  needs  is  satisfied  by  LANDSAT  imagery. 

4.  2.  2.  7 Soil  Moisture  Conditions 


Various  investigators  have  reported  on  the  discrimi- 
nation of  soil  moisture  using  various  spectral  discrimination  tech- 
niques. Our  studies  in  this  area  are  limited  to  the  overall  studies 
of  flooding  and  post-flooding  situations  (see  earlier  discussion  under 
"Surface  Waters  - Location  and  Coverage").  Using  diazo  color 
composites,  it  appears  possible  to  delineate  areas  of  inundation  even 
months  after  inundation  occurred.  Further  study  is  required. 

4.  2,  3 Imagery  Studies  - (.omputer-Oriented 

The  LANDSAT  Computer  Compatible  Tapes  allow  adapta- 
tion of  the  imagery  data  to  computer  processing  and  display  tech- 
niques, thus  increasing  both  the  speed  of  analysis  and  the  enlargement 
capabilities  of  the  images. 

Each  LANDSAT  MSS  tape  contains  onc-quaitcr  of  a LANDSAT 
scene  in  all  four  MSS  bandwidths.  Thus  four  tapes  are  required  to 
depict  one  full  scene  in  all  four  bands.  A full  scene  in  a given  band 
comprises  2,340  scan  lines  with  approximately  3,240  points  (pixels 
or  resolution  elements)  in  each  line,  for  a total  100  nautical  mile 
square  coverage.  Each  point  represents  the  average  reflectivity  of 
an  imaged  area  below  the  satellite  of  approximately  187  by  250  linear 
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feet.  Reflectivity  is  expressed  in  terms  of  128  different  "grey  level" 
values  in  MSS  bands  4,  5 and  6,  and  64  v'alues  in  MSS-7,  the  grey 
levels  ranging  from  white  to  black  when  presented  in  pictorial  terms. 
These  may  be  aggregated,  for  convenience,  into  broader  gray  level 
value  sets  of,  say  16  or  even  8 units. 

4.  2.3.  1 Boundary  Determination 

In  CCT  imagery,  feature  boundaries  are  generally 
designated  by  a given  cutoff  level  of  grey  scale  intensity  which 
separates  one  object  or  class  of  objects  from  others.  A given  lo- 
cation, represented  by  a pixel,  for  example,  can  be  classified  ac- 
cording to  its  spectral  signature  as  represented  by  the  following 
vector:  (xj,  X2»  X3,  X4)  where  xi  is  a given  level  of  intensity  as 
represented  by  grey  scale  values  ranging  from  0 to  15  and  i,  in  the 
case  of  MSS  imagery,  would  designate  one  of  the  four  spectral 
bands  MSS-4,  5,  6 or  7.  It  may  happen  that  two  bands  or  even  one 
particular  band  can,  in  some  cases,  designate  a class  of  objects  as 
well  as  if  all  four  bands  together  were  used.  This  appears  to  be 
true  in  many  cases  of  the  ability  of  band  MSS-7  to  designate  sur- 
face waters.  The  occurrence  of  surface  water  is  most  frequent  in 
the  lowest  radiance  levels  of  band  T.  The  mean  or  most  frequent  • 
level  of  the  grey  scale,  or  some  other  parameter,  may  then  be 
used  to  designate  the  cutoff  level.  The  problem  is  to  determine 
what  levels  simultaneously  are  most  inclusive  of  the  given  objects 
and  exclusive  of  others.  Surface  waters  appear  to  be  most  ex- 
clusively represented  in  the  near  IR  bands  (MSS  6 and  7)  at  the  low- 
est levels  of  reflectance,  but  their  occasional  occurrence  may 
extend  to  higher  levels. 

A criterion  being  used  in  this  investigation  to  determine 
the  extent  to  which  the  reflectance  of  an  object  or  a particular  class 
of  objects  in  a particular  band  occurs  within  a specified  range  of 
reflectance  levels  is  to  compute  the  mean,  mode,  and  standaro  de- 
viation of  the  frequency  of  occurrence  of  the  object  or  class  of  ob- 
jects in  an  imagery  sample  for  various  levels  of  reflectance.  The 
implication  is  that  the  smaller  the  standard  deviation,  the  smaller 
the  range  of  reflectance  levels  and  the  more  exclusive  the  repre- 
sentation of  tne  given  class  of  objects  by  the  specified  range  of 
values.  If  the  mode  differs  with  the  mean  by  a significant  amount, 
the  implication  is  that  the  set  oi  values  is  skewed  or  has  more  than 
one  peak  and  that  the  objects  very  likely  have  not  been  correctly 
identified  in  the  imagery  samples  or  properly  classified  as  a set 
with  similar  ’•eflectance  properties. 


f 


/ 


? 


The  objects  that  most  interfere  w*  the  detection  of 
water  in  band  7 by  virtue  of  their  proximity  to  water  in  having  simi> 
lar  reflection  characteristics  in  this  band  appear  to  be  cloud  shadows, 
those  caused  by  mountainous  or  rugged  terrain,  and  other  featvires, 
urban  and  paved  surfaces  being  the  most  predominant.  This  door 
not  include  the  masking  effect  of  clouds  themselves  or  other  direct 
interference  but  only  that  caused  by  objects  with  similar  reflectance 
properties.  The  problem  of  overlap  of  occurrences  between  dif- 
ferent classes  of  objects  in  a particular  band  may  be  solved  by  con- 
sidering one  or  more  other  bands  where  the  occurrences  appear  at 
more  widely  separated  grey  scale  levels,  thus  providing  contrasts 
of  color  as  well  as  intensity.  Urban  pavement,  for  example,  ap- 
pears to  occur  most  frequently  a.t  considerably  higher  levels  of 
reflectance  than  water  in  bands  MSS-4  and  5 than  in  MSS-7.  if  or 
this  problem,  the  operating  variable  might  be  considered  to  be  the 
two-dimensional  vector  representing  grey  scale  levels  in  MSS-5 
and  7,  For  other  problems  the  complete  fovir-dimensional  vector, 

(xj,  X2,  xj,  x^)  representing  bands  \lSS-4,  5,  6 and  7 could  be 
used  to  designate  the  optimum  exclusive-inclusive  vector  space 
occupied  by  a given  class  of  objects.  Finally,  a boundary  may  lie 
anywhere  within  the  ground  space  covered  by  a resolution  element, 
and  perhaps  within  a choice  of  several  elements  depending  on  tne 
separability  of  occurrence  of  classes  of  objects  by  virtue  of  their 
reflectance  properties  in  a given  spectral  band  or  combination  of 
spectral  bands. 

In  this  investigation  the  foregoing  considerations  were 
made  when  manually  defining  a land-water  boxmdary  from  a set  of 
alnha-numeric  symbol  clusters  on  a computer  printout,  with  the 
ultimate  goal  being  to  be  able  to  automate  the  boundary  determina- 
tion process  and  incorporate  these  considerations  into  computer 
software.  In  this  investigation,  a cutoff  value  such  as  grey  level 
value  is  chosen  for  delineation  of  a giv»^n  feature,  such  as  water, 
depending  on  the  particular  image  under  investigation  and  on  simple 
statistical  tests  and  comparisons  with  ground  truth  or  map  infor- 
mation to  designate  the  presence  of  water.  All  values  of  grey 
scale  level  beyond  the  chosen  cutoff  point  arc  then  assumed  to 
represent  the  feature  for  the  purpose  of  performing  computer  com- 
putations, This  is  in  effect,  a density  slicing  procedure  which  uses 
reflectance  as  the  only  criterion  for  boundary  selection.  More  ad- 
vanced pattern  recognition  techniques  involving  shape  and  other 
optical  properties  can  also  be  applied  along  with  density  slicing  to 
boundary  or  interface  determination,  but  have  not  been  applied  in 
this  investigation. 


If  full  advantage  could  be  taken  of  all  information  in 
an  image  to  enable  the  determination  of  a boundary  to  within  the 
dimension  of  one  MSS  resolution  element^  the  maximum  error  in 
terms  of  ground  distance  would  be  about  >90  feet.  For  the  method 
of  density  slicing,  referred  to  in  the  previous  paragraph,  without 
scene  radiance  corrections  and  without  any  attempt  at  more  ad- 
vanced pattern  recognition  techniques,  the  maximum  possible 
error  is  greater.  How  much  greater  depends  on  factors  such  as 
atmospheric  interference  and  interference  by  objects  within  the 
image  with  similar  reflectance  characteristics,  as  previously 
discussed. 


4.  2.  3.2  Surface  Water  Identification 


The  identification  of  individual  bodies  of  surface 
waters  such  as  lakes,  reservoirs,  or  rivers  as  well  as  other  sin\i- 
lar  features  is  a fundamental  part  of  image  interpretation.  This 
activity  can  be  carried  out  visually  and  is  dependent  on  the  ability 
and  background  knowledge  of  an  observer  to  recognize  and  asso- 
ciate image  objects  with  correctly-identified  ground  objects.  A 
human  observer  may  perform  these  activities  routinely  and  without 
being  conscious  or  concerned  over  the  details  of  the  procedures  of 
making  associations.  The  bulk  of  the  work  of  this  investigation  in- 
volved image  interpretation  of  this  type.  These  procedures  must 
be  considered  in  detail,  however,  if  one  desires  to  automate  the 
interpretation  process,  using  computer  imagery. 

In  the  identification,  inventory  and  classification  of 
surface  waters  using  LANDS  AT  imagery,  the  proper  utilization  of  CCT 
data  can  mean  a savings  of  time  and  effort  that  would  otherwise  be 
required  in  manually  observing,  measuring  and  accounting  for 
these  image  features.  It  can  also  lead  to  a more  systematic  and 
accurate  procedure  using  the  inherent  advantages  of  the  computer 
to  sort,  store,  and  perform  operations  on  vast  amounts  of 
information  in  a short  amount  df  time.  An  approach  to  doing  this 
has  beer  considered  in  this  investigation  and  can  be  briefly  sum- 
marized as  follows:  scan  image  data,  identify  surface  waters, 
recognize  and  sort  out  individual  water  bodies  and  distinguish 
them  from  each  other,  perform  operations  over  each  image  of  a 
surface  water  body  area  on  an  individual  basis,  number  and  clas- 
sify according  to  size  or  order  of  magnitude,  and  extract  other 
pertinent  information  concerning  these  waters.  This  involves 
computer  pattern  recognition  techniques,  wher  '>v  the  computer 


"learns"  from  the  hvman  operator  to  identify  and  distinguish  be- 
tv'8cn  various  image  patterns  and  progressively  becomes  less  and 
less  dependent  on  the  operator. 

4. 2. 3. 3 Scale 


The  scale  or  dimension  of  ground  objects  in  terms  of 
dimensions  of  their  imagery  counterparts  is  a persistent  problem 
in  the  case  of  LANDSAT  imagery.  The  scale  of  any  imagery  or  map 
product  is  rendered  satisfactory  or  unsatisfactory  depending  on 
what  the  product  is  to  be  used  for.  Also,  a usable  scale  generally 
depends  on  the  size  of  objects  being  dealt  v ith  and  the  convenient 
working  dimensions  of  t le  user  which  can  in  turn  depend  on  such 
factors  as  good  drafting  or  drawing  size  for  making  overlays  or 
superimposing  notations  or  boundaries,  convenient  sizes  for  filing, 
storage,  reproduction,  display,  etc.  Producing  simple  dimen- 
sional enlargements  c.r  contractions  of  images  from  one  scale  to 
another  for  various  purposes  has  its  limitations.  The  major  one 
is  image  resolution  which  has  already  been  discussed  in  some  de- 
tail. In  the  case  of  photo  products,  enlargement  will  eventually 
produce  blurring  at  the  interface  of  an  object  and  its  background. 

We  have  judged  that  the  practical  limit  of  first-generation  scale 
enlargement  of  LANDSAT  photos  is  about  1:200,000.  Other  investi- 
gators on  this  project  have  indicated  the  capability  of  enlarging 
LANDSAT  photos  to  greater  scales. 

The  1:24,000  scale  used  for  U.S.  Geological  Survey 
quadrangle  maps  with  10-foot  contour  intervals  is  an  adequate 
scale  for  a wide  variety  of  water  resources  planning,  investigation 
and  engineering  work.  For  detailed  project  or  construction  plans, 
still  larger  scales  are  generally  necessary.  Experience  gained  in 
using  LANDSAT  imagery  in  the  VED  region  in  the  course  of  this  investi- 
gation suggests  that  the  capability  of  producing  enlargements  of 
selected  portions  of  LANDSAT  photos  to  .scales  in  the  order  of  1:24.000. 
as  used  in  USGS  quadrangle  maps  would  be  most  desirable.  Because 
of  the  order  of  magnitude  of  size  of  most  surface  waters  in  the 
NED  region,  such  a scale  is  convenient  to  work  with  and  would  fa- 
cilitate direct  comparisons  between  LANDSAT  imagery  and  existing 
quadrangle  map  data.  Also  at  this  scale  significant  changes  in 
such  parameters  as  surface  w-ater  area  would  be  well  displayed, 

CCT  processing  provides  a means  of  enlarging  LANDSAT 
imagery  to  higher  magnification.  Besides  providing  a means  of 
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quantifying  scene  radiance  values  over  elemental  areas,  the  CCT 
printout  imagery  composed  of  alpha  numeric  symbols  spaced  on  a 
rectangular  format  provides  better  feature  representation  at  a 
larper  scale  than  would  an  enlargement  of  a photo  to  the  same 
scale.  In  making  overlay  comparisons  with  map  or  gound  truth 
data,  the  boundaries  of  surface  water  bodies,  for  example,  have 
been  properly  delineated  within  the  pattern  of  resolution  elements 
making  up  the  CCT-produced  imagery.  If  the  CCT  images  are  to 
be  printed  on  standard  computer  printout  sheets,  format  distortions 
must  be  removed  if  these  are  to  accurately  represent  the  surface 
dimensions  of  ground  objects  in  their  true  proportions.  The  cor- 
rections that  must  be  applied  are  cither  approximately  a 30  percent 
contraction  in  the  in-track  direction,  or  a 40  percent  expansion  in 
the  cross-track  direction  on  CCT  printouts  of  MSS  imagery. 

The  limitations  on  the  uses  of  LANDSAT  imagery  duo  to 
scale  to  which  the  imagery  can  be  enlarged  are  fundamentally  re- 
lated to  the  problem  of  limited  resolution.  This  is  in  tact  the  basic 
limitation  of  the  LANDSAT  system  for  many  purposes.  For  LANDSAT  im 
agery  there  is,  therefore,  a minimum  detectable  object  dimension. 
This  limitation  on  the  size  of  detectable  dimension  also  limits  the 
accuracy  of  measurement.  In  an  absolute  sense  the  error  in  deter- 
mining, hence  measuring  a dimension  is  the  same  for  all  objects, 
large  and  small.  In  a relative  sense,  however,  the  same  absolute 
magnitude  of  error  is  greater  for  small  objects  than  for  larger 
ones.  The  possible  relative  accuracy  of  measurement  (percent 
accuracy)  is  least  therefore  for  the  minimvim  detectalblc  object  di- 
mensions, and  improves  as  the  sizes  of  objects  become  larger. 

The  criteria  used  in  this  investigation  for  setting  the 
minimum  detectable  object  dimension  are  based  on  the  automation 
of  procedures  for  classifying  objects  according  to  radiation  density 
and  not  on  other  pattern  recognition  criteria.  The  minimum  size 
determined  this  way  is  conservative  and  is  considered  to  be  that 
size  necessary  to  guarantee  that  at  least  one  pixel  projection  onto 
the  earth's  surface  will  fall  completely  within  the  object's  area. 

In  the  case  of  surface  water,  it  would  be  the  minimum  size  or  di- 
mension necessary  to  ensure  that  at  least  one  pixel  projection 
would  be  exclusively  over  water.  For  objects  of  smaller  size  than 
that  of  the  projected  pixel,  the  indicated  intensity  of  reflectance 
will  be  due  to  radiation  reflectc4  in  part  from  the  object,  e.g. , 
water,  and  in  part  from  its  background,  e.g.,  land.  This  pres- 
ence of  reflected  background  light  interferes  with  the  object's 
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detection  as  far  as  radiance  density  is  concerned  and  therefore  ob- 
scures it  in  relation  to  its  background.  Even  though  an  object  may 
still  be  recognizable,  the  true  cc’>trast  or  intensity  level  repre- 
sentative of  the  object  will  not  manifest  itself  in  the  imagery  then, 
unless  a pixel  projection  lies  completely  within  the  area  occupied 
by  the  object,  e.g. , completely  over  water.  The  minimum  dimen- 
sions at  which  this  can  theoretically  possibly  occur  arc  those  of  a 
single  pixel.  The  probability  that  a pixel  would  fall  exclusively 
over  water  on  a body  with  the  same  dimensions  as  the  pixel  projec- 
tion itself  is  however  practically  nil.  On  the  other  hand,  an  object 
of  two  pixel  equivalents  in  linear  dimension  will  always  contain  at 
least  one  full  pixel  projection  exclusively  over  it  in  that  dimension. 
If  this  criterion  is  used  for  determining  the  minimum  sized  LANDSAT 
detectable  object,  the  following  conclusions  can  be  drawn: 

Minimum  possible  width  W of  river  that  will  always 
be  detectable  as  water: 

W = 2 pixel  lengths  = 374  feet  (crosstrack), 

500  feet  (in-track) 

Minimum  possible  areal  size  A of  a water  body  (pond) 
that  would  always  be  detectable  as  water: 

A = 374  X 500  (2  x 2 pixel  block)  = 187,  000  feet^  = 4.  3 
acres. 


If  objects  are  to  be  definable  at  the  minimum  sizes, 
the  integrity  of  individual  pixels  must  be  maintained  during  imago 
processing.  This  requires  the  processing  of  individual  signal  bits 
on  CCT's  in  terms  of  the  spatial  representation  of  pLxels,  on  a 
one-to-one  basis.  This  type  of  work  requires  the  computer  proces- 
sing of  CCT's.  For  the  study  of  large  dimensional  features  how- 
ever, as  already  discussed  in  the  case  of  snow  cover,  over  large  or 
regional  areas,  where  absolute  accuracy  need  not  be  as  great  in 
order  to  obtain  the  same  level  of  relative  accuracy  of  measurement 
as  for  smaller  features  or  objects  such  as  inland  surface  waters, 
the  processing  of  individual  pLxels  does  not  have  to  be  performed  on 
a one-to-one  basis  with  bits  of  signal  data  on  CCT's  in  terms  of 
spatial  dimensions,  thus  allowing  for  considerable  data  reduction. 

4.  2.  3. 4 Surface  Water  Characteristics:  Dunham  Pond 

A study  was  performed  to  determine  how  well  the 
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digitized  spectral  density  levels  in  CCT  imagery  correspond  to  both 
the  location  and  depth  of  surface  waters.  Ground  data  for  correla- 
tion with  the  LANDSAT  imagery  was  taken  at  Dunham  Pond,  a 7-acre 
|)ody  of  surface  water  in  Connecticut  with  horizontal  dimensions  of 
approximately  1,  100  x 600  feet.  Figure  25  shows  a reproduction 
of  a CCT  printout  of  the  Dunham  Pond  area  in  MSS  band  7 overlain 
with  a surveyed  map  of  the  pond  and  its  depth  contours. 

The  symbols  represent  the  density  levels  on  a 16-step 
grey  scale  as  0,  1,  2,  3,  4,  5,  6,  7,  8,  9,  A,  B,  C,  D,  E and  F 
ranging  from  the  highest  to  the  lowest  reflectance  level.  The  scene 
shown  is  rather  dark  in  band  7 and  uses  only  the  lowest  five  density 
levels.  Correlation  coefficient  comparisons  between  reflectance 
and  presence  of  surface  water  yielded  r = 0.974  and  between  re- 
flectance and  water  depth,  r = 0.949. 

It  is  likely  that  the  relationship  between  reflectance 
and  presence  of  surface  water  can  be  extended  to  all  surface  waters. 
That  between  reflectance  and  depth  is  certainly  another  question 
however,  since  detection  of  depth  variations  is  dependent  upon  such 
factors  as  turbidity  and  other  water  quality  parameters,  as  well  aa 
bottom  reflectance,  etc.  The  case  of  Dunham  Pond  provides  hope 
that  in  certain  waters,  LANDSAT  can  detect  differences  in  depth,  how- 
ever considerably  more  study  is  necessary  to  determine  if  and  how 
this  could  be  extended  to  the  general  case,  perhaps  using  all  the 
LANDSAT  spectral  bands,  or  other  wave  bands  not  available  aboard 
LANDSAT. 

4.  2.  3.  5 Flood  of  July  1973  at  Franklin  Falls  Dam, 

New  Hampshire 

A compari.son  was  made  of  LANDSAT  imagery  of  Franklin 
Falls  reservoir  area.  New  Hampshire,  filled  to  approximately  two- 
thirds  capacity  immediately  after  the  flood  of  July  1973,  with  the 
post-flood  unfilled  condition  of  late  August  1973  to  delineate  and 
compute  surface  areas  of  the  flooded  locations.  Due  to  partial  cloud 
cover  immediately  after  the  flood  the  entire  surface  area  of  the 
reservoir  waters  could  not  be  accurately  computed,  so  that  the  re- 
sults as  far  as  the  original  intent  and  purpose  was  concerned  were 
inconclusive.  An  interesting  phenomenon  occurred,  however,  when 
the  comparison  between  the  two  digital  printouts  of  images  taken 
immediately  after  the  flood  and  again  8 weeks  later  was  made.  Even 
though  the  floodwaters  had  long  since  receded,  much  of  the  previously 
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inundated  area  still  appeared  at  a low  density  level,  not  quite  as 
low  as  that  of  the  surface  water  in  the  adjacent  pool,  but  lower 
than  that  of  the  surrounding  forested  terrain.  The  29  August  1973 
image  indicated  that  the  properties  of  the  terrain  which  was  flooded 
in  early  July  had  been  altered  by  the  July  flood,  possibly  due  to 
damage  of  vegetative  cover.  Areal  computations  were  easily  made 
by  simply  sumn^ing  the  elements  forming  the  pattern  representing 
the  seemingly  damaged  area  and  multiplying  by  the  ground  area  of 
a pixel.  The  total  area  of  this  pattern  around  tha  Franklin  Falls 
reservoir  area  on  29  August  1973  computed  in  liiis  manner  was  ap- 
proximately 1,950  acres.  More  detailed  studies  are  necessary  to 
further  e:.plore  this  phenomenon  in  the  LANDSAT  imagery. 

4,  2,3,6  Man-Computer  Interactive  Approach 

Work  has  been  accomplished  in  the  area  of  computa- 
tional algorithms  aimed  at  producing  fast,  efficient  programs  to 
display  useful  information  relating  to  LANDSAT  imagery  analysis.  This 
work  was  primarily  supported  by  a National  Science  Foundation 
grant  aimed  at  developing  novel  concepts  and  techniques  for  miagery 
data  management.  The  work  was  carried  out  by  Prof,  Y.  T.  Chien, 
University  of  Connecticut,  and  his  graduate  students  during  the  ^ ^ 
academic  year  1973-74,  in  conjunction  with  the  present  project. 

The  man-computer  interaction  approach  to  imagery  analysis  must 
pay  special  attention  to  the  problem  of  putting  various  information 
in  a form  suitable  for  computer  display  and  human  observation.  The 
information  to  be  displayed  usually  involves  several  (more  than  two) 
channels  such  as  the  4 spectral  bands  of  the  LANDSAT  imagery.  Thus, 
our  problem  is  to  transform  data  of  high-dimensionality  into  two- 
dimensional  space  ready  for  display.  This  type  of  transforntation 
must  satisfy  the  following  requirements: 

a.  The  intrinsic  characteristics  of  the  imagery 
must  be  preserved. 

b.  It  must  be  computationally  fast  to  avoid  any 
excessive  idle  time  on  the  part  of  human  observers  while  engaging 
in  man-machine  interactive  analysi.s. 

Several  classes  of  display-oriented  transformation 
methods  have  been  studied  in  relation  to  the  LANDSAT  imagery.  By 
combining  several  MSS  bands  of  information  we  have  examined  the 
possibility  of  delineating  various  classes  of  hydrological  features 
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(water,  land,  etc. ) in  an  interactive  environment,  A limited  experi- 
ment with  a section  of  the  Cape  Cod  Canal,  Massachusetts  and  its 
adjacent  land  has  been  carried  out  to  test  the  transformation  m.ethods 
developed.  Results  indicate  that: 

a.  With  the  aid  of  a computer  display,  the  human 
operator  can  play  a direct  and  immediate  role  in  selecting  the  MSS 
bands  that  will  describe  certain  hydrological  features  in  the  most 
informative  way. 


b.  Speedy  display  and  user's  interaction  of  infor- 
mation may  be  achieved  by  putting  transformation  algorithms  in  a 
recursive  structure.  This  will  allow  the  user  to  apply  the  algo- 
rithms to  various  sections  of  the  image  for  analysis  without  intro- 
ducing excessive  calculations. 

We  have  developed  a number  of  computational  tech- 
niques, operational  programs,  and  utility  subroutines  that  are  de- 
signed to  provide  computer -oriented  means  for  the  interactive 
analysis  of  LANDSAT  imagery . Due  to  the  late  arrival  of  tapes  and  ex- 
tensive work  in  printing  parts  of  scenes  for  human  study,  we  did 
not  progress  very  far  in  building  a truly  interactive  pattern  recog- 
nition system  to  facilitate  the  analysis  of  lANDSAT  imagery.  Given 
sufficient  resources,  a reliable,  interactive  system  may  be  estab- 
lished which  maintains  as  a data  base  information  obtained  from 
many  MSS  tapes,  then  uses  this  information  to  predict  occurrences 
similar  to  those  stored,  upon  input  of  image  information  on  a real 
time  basis  in  an  operational  situation.  This  development  of  a truly 
operational  system  would  involve  the  r<  lating  of  ground  truth  infor- 
mation about  hydrologic  events  (i.  e.,  snow  conditions,  flooding, 
rain  data,  etc.)  to  imagery  entered  into  the  computer,  over  a pe- 
riod of  time  to  "train"  the  pattern  recognition  system  to  recognize 
and  analyze  future  hydrologic  events  to  be  presented  to  it. 

The  specific  objective  of  such  a system  would  be  for 
the  identification  and  analysis  of  real  time  hydrologic  events  that 
are  considered  relevant  to  NED  flood  control  operations,  in  an 
interactive  environment,  probably  with  a Cathode  Ray  Tube  and 
light  pen  to  allow  the  user  to  'communicate'  with  the  computer  and 
outline  the  nature  of  the  information  desired  in  any  given  instance. 
There  is  no  doubt  that  for  many  parameters  a properly  operating 
man-interactive  system  could  save  substantial  amounts  of  time  in 
the  increasingly  complex  decision  making  processes  involved  with 
flood  control  reservoir  regulation. 


4.2.4 


xmagery/DCS  Interaction  Studies 


The  present  investigation  has  focused  mainly  on  ac- 
quiring the  practical  experience  in  setting  up  and  running  the  LANDSAT 
beS  experiment  at  NED  and  in  interpreting  the  LANDSAT  imagery 
within  the  context  of  a daily  operational  Reservoir  Control  Center. 

The  DCS  and  imagery  studies  have  been  conducted  as  parallel  but 
supportive  studies  at  the  outset.  Our  objective  was  to  first  acquire 
maximum  "real-life"  experience  with  each  type  of  LANDSAT  data. 

Having  obtained  a sampling  of  actual  experience  in  real  NED  situa- 
tions using  DCS  data  and  LANDSAT  imagery,  we  are  now  better  able  to 
develop  a strategy  for  overall  coordination  of  ^ NED  data  sources. 

Several  general  conclusions  can  be  made  at  this  time 
regarding  the  interreactions  among  the  LANDSAT  DCS,  LANDSAT  imagery 
and  AHRRN  for  NED  operational  purposes. 

a.  Real  time  or  near  real  time  data  acquisition 
and  management  systems  are  required  for  effective  coordination 
of  reservoir  regulation  activities.  The  longest  time  delay  at  pres- 
ent is  in  the  LANDSAT  imagery  system  (measured  in  weeks) . LANDSAT 
DCS  data  are  received  in  near  real  time  (measured  in  hours). 

NED  is  dependent  on  real  time  data  acquisition  by  the  AHRRN  (meas- 
ured in  minutes).  To  be  most  operationally  useful  in  coordination 
with  information  obtained  from  the  other  sources,  the  time  lag  of 
LANDSAT  imagery  should  be  about  comparable  with  that  for  the  DCS 
and  the  AHRRN.  The  latter  two  would  provide  ground  truth  for 
better  interpretation  of  the  former.  Real  time  imagery  acquisi- 
tion implies  a capability  similar  to  that  of  the  NOAA  APT  system. 

b.  Management /hydrologic  models  that  can  input 
the  DCS/imagery  data  are  required.  Generation  of  such  models 
is  a major  undertaking.  NED  is  moving  in  this  direction  with  the 
development  and  upcoming  testing  of  the  flood  forecasting  and  rout- 
ing computer  program  in  the  Merrimack  River  basin  in  cooperation 
with  the  Corps  of  Engineers  Hydrologic  Engineering  Center. 

c.  "Quasi-operational"  or  "demonstration"  experi- 
ence oxer  a wide  range  of  flood-and  reservoir-management  situations 
must  be  acquired  before  an  overall  system  becomes  operational. 

% 

d.  Operational  readiness  of  NED  system  compo- 
.nents  including  management  and  operational  personnel  and  hardware 
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and  software  is  required.  Management  decisions  are  required  at 
each  step  to  move  from  the  quasi>operational  to  the  operational 
phase. 


e.  Studies  and  reevaluations  must  continue  in- 
definitely, keeping  pace  with  advancing  technological  and  cost 
information  to  see  that  the  system  is  composed  of  the  most  eco- 
nomically feasible  and  technically  useful  combination  of  modes  of 
point  data  relay  and  imagery  data  acquisition  as  well  as  data  proc- 
essing techniques. 

4.  2.  5 Conclusions  and  Recommendations 

4.  2.  5.1  Imagery  Studies  - Photo  Interpretation 

Using  standard  photo  equipment,  experience  in  this 
investigation  has  indicated  that  I^NDSAT  photo  imagery  may  be  en- 
larged about  five  times,  or  to  a scale  of  1:200,  000.  This  is  suffi- 
cient for  only  rather  large  scale  or  gross  feature  patterns  to  be 
represented  with  the  accuracy  necessary  for  flood  control  reser- 
voir regulation  purposes. 

Only  the  larger  rivers  in  New  England  are  clearly 
displayed  on  the  imagery.  Mapping  of  floods  is  restricted  to  gross 
overflow  of  waters  from  New  England's  rivers.  Howev';r,  since 
flooding  may  occur  at  any  time,  the  LANDSAT  18-day  cycle  is  insuffi- 
cient for  regular  monitoring  of  New  England  floods.  Daily  or  even 
twice  daily  coverage  would  likely  be  necessary.  Even  with  this, 
clouds  associated  with  flood  producing  storms  often  obscure  flood- 
ing from  the  view  of  the  satellite  at  those  times  when  imagery  ac- 
quisition would  be  most  critically  needed.  An  intcre  ing  effect 
worthy  of  further  investigation  is  the  apparent  distinguishabilily  cn 
LANDSAT  imagery  of  areas  previously,  but  no  longer  flooded,  for  pe- 
riods up  to  at  least  several  months  after  flood  recession. 

Ice  is  readily  detectable  on  LANDSAT  imagery , as  is 
the  ice-open  water  interface.  LANDSAT  imagery  could  lead  to  early 
detection  of  ice  jams  on  the  larger  New  England  rivers.  Daily 
coverage  during  the  cold  months  of  the  year  could  provide  a useful 
supplement  to  other  means  of  monitoring  the  development  of  ice 
jams,  especially  in  remote  areas. 

Indications  of  varying  water  quality  characteristics 


are  recognizable  in  LANDSAT  imagery.  Again,  information  is  norm- 
ally obtainable  onlv  from  larger  water  bodies.  So  many  different 
parameters  are  involved  in  water  quality,  and  in  such  varying 
degrees- often  intermingled  with  each  other,  that  much  study  still 
remains  before  LANDSAT  imagery  could  relate  specific  imagery  re- 
sponses to  specific  ground  truth  information.  Also,  interference 
from  atmospheric  haze  and  scatter,  glint  from  waves  and  ripples 
and  bottom  reflectance  can  be  especially  difficult  to  compensate 
for.  Finally,  LANDSAT  imagery  bands  neglect  some  of  the  spectrally 
important  wave  lengths  for  water  quality  detection.  Nevertheless, 
where  ground  truth  can  be  confidently  correlated  to  the  imagery, 
some  changing  water  quality  patterns  might  be  usefully  displayed 
in  repetitive  imagery  coverage.  The  18-day  cycle  could  effectively 
monitor  these  if  changes  were  occurring  over  a similar  or  longer 
interval.  Many  water  quality  changes  are  of  this  nature.  For 
shorter  term  episodes  such  as  post-flood  silting  of  rivers,  daily 
coverage  would  likely  be  essential. 

Winter  snow  cover  patterns  are  readily  obtainable 
with  excellent  accuracy  from  LANDSAT  imagery;  however,  the  imagery 
provides  only  snow  location,  not  depth  or  water  equivalent  which  is 
the  operationally  important  parameter.  If  LANDSAT  could  provide  in- 
formation on  snow  water  content,  the  18-day  cycle  of  coverage  would 
be  too  long  for  operational  usefulness.  Weekly  coverage  would  Lc 
necessary. 


A look  at  24-hour  snowmelt  as  detected  in  the  im- 
agery over  a region  of  overlap  between  two  successive  days'  or- 
bits showed  some  promise  for  the  use  of  snow  cover  information 
for  short  term  application.  This  would  be  especially  useful  if 
imagery  on  a daily  basis  were  available,  thus  allowing  a certain 
degree  of  educated  extrapolation  to  be  perfor.'ned  on  the  water 
equivalent  measurements  obtained  by  ground  surveys  on  a weekly 
basis. 


Excessive  precipitation  accumulation  probably  could 
be  detected  by  LANDSAT  imagery  in  instances  where  pooling  at  a scale 
large  enough  to  be  resolvable  by  LANDSAT  would  occur . 

Tidal  levels  and  flooding  at  or  near  hurricane  bar- 
riers were  briefly  studied.  Thi^  type  of  information  must  be  ob- 
tained in  real  time.  Also  the  data  must  be  obtained  during  storm 
situations,  at  night  and  at  sufficient  ground  resolution  to  be 
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operationally  useful.  None  of  these  needs  is  satisfied  by  the  pres- 
ent LANDSAT  system. 

The  only  specific  look  at  possible  moisture  detection 
in  the  soil  by  LANDSAT  imagery  was  made  in  a^soointion  v/lth  flood  and 
post  flood  conditions.  As  reported  earlier  in  the  Conclusions  and 
Recommendations,  LANDSAT  imagery  appears  able  to  distinguish  areas 
previously,  but  no  longer  flooded,  for  periods  up  to  at  least  several 
months  after  flood  recession.  Whether  this  is  a soil  moisture  or 
vegetation-relat>;d  phenomenon  is  open  to  further  study,  however. 

The  diazo  process  of  producing  contaci  acetate  color 
composites  of  LANDSAT  scenes  was  freqtxntly  used  in  the  Photo  Inter- 
pretation portion  of  this  LANDSAT  investigation.  It  was  found  to  be 
quite  useful  in  that  the  composite  product  of  several  bands  allowed 
one  image  to  represent  the  information  that  would  otherwise  have 
to  be  obtained  from  each  of  the  constituent  bands  separately. 


4.  2.5,2  Imagery  .Studies  - Computer  Oriented 

The  LANDSAT  Computer  Compatible  Tapes  (CCT's)  pro- 
vide data  in  digital  form  thus  allowing  high  speed  processing  of  the 
imagery  information.  This  can  be  in'iportant  since  for  most  oper- 
ational applications  the  mass  of  data  in  an  ED  TS  image  may  tend 
to  be  too  unwieldy  for  timely  analysis  hy  photo  interpretive  tech- 
niques, Computer  processing  proviioj  the  means  of  quantifying 
scene  radiance  values  over  elemental  areas,  and  thus  the  CCT 
printout  imagery,  composed  of  alpha-nun.eric  symbols  spaced  on 
a rectangular  format,  also  allows  for  better  feature  representa- 
tion at  a larger  scale  than  would  an  enlargement  of  a photo  to  tbc 
same  scale.  For  computer  imagery,  it  was  derided  that  the  mini- 
mum detectable  object  dimension  was  related  to  pixel  dimen.sions 
and  to  be  that  size  necessary  to  guarantee  that  at  least  one  pLxcl 
projection  onto  the  earth's  surface  will  tall  completely  within  the 
object's  area.  Thus,  the  rranimum  possible  width  of  a river  that 
will  always  be  detectable  as  water  = 2 pixel  lengths  = 374  feet 
(crosstrack)  or  500  feet  (in-track);  the  minim’om  possible  areal 
size  of  a water  body  J pond)  that  would  be  always  detectable  as 
water  = 187,  000  feet“  or  4.  3 acres. 


A study  of  surfac !•  ater  characteristics  .at  a small 
pond  (7  acres)  in  Connecticut  yielded  a correlation  b 'tween  imagery 
reflectance  and  presence  of  surface  water  of  r - 0.974  and  i)otween 
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reflectance  and  water  depth  of  r •*  0,949*  While  the  relationship 
between  reflectance  and  presence  of  surface  water  can  undoubtedly 
be  extended  to  all  surface  waters,  that  between  reflectance  and 
depth  probably  cannot,  since  detection  of  depth  variations  is  in 
turn  dependent  on  such  variable  factors  as  turbidity  and  other  water 
quality  parameters,  as  well  as  bottom  reflectance,  etc.  The  parti- 
cular case  studied  here  nevertheless  provides  hope  that  in  certain 
waters,  LANDSAT  can  detect  differences  in  depth,  however  consider- 
ably more  study  is  necessary  to  determine  if  and  how  this  could  be 
extended  to  the  general  case,  perhaps  using  all  the  LANDSAT  spectral 
bands,  or  other  wave  bands  not  available  aboard  LANDSAT. 

4.  2.5.2. 1 Man-Computer  Interactive  Approach 

Work  has  been  performed  in  the  development  of  a 
man/computer  interactive  system,  ,v,th  a Cathode  Ray  Tube  (CRT) 
and  light  pen,  that  could  allow  real  time  analvsis  and  utilization  of 
L.4NDSAT  computer  imagery  for  important  water  resource  management 
decisions.  A number  of  computational  techniques,  operational  pro- 
grams, and  utility  subroutines  have  been  developed  to  provide  com- 
puter oriented  means  for  the  interactive  analysis  of  LANDSAT  imagery. 
Due  to  the  late  arrival  of  tapes  and  extensive  work  required  in 
printing  parts  of  scenes  for  study,  we  did  not  progress  very  far  in 
building  a truly  interactive  pattern  recognition  system  to  facilitate 
the  analysis  of  LANDSAT  it..agery.  As  part  of  our  LANDSAT-2  follow-on 
investigation,  we  hope  to  continue  development  of  a reliable  inter- 
active system  which  maintains  as  a data  base  information  obtained 
from  many  MSS  tapes,  then  uses  this  information  to  predict  occur- 
rences similar  to  those  stored,  upon  input  of  image  information  on 
a real  time  basis  in  an  operational  situation. 

4. 2. 5. 3 Imagery /DCS  Interaction  Studies 

The  coordinated  use  of  all  data  available  to  a real  time 
operational  Reservoir  Control  Center  should  include  the  interaction 
between  real  time  imagery  and  point  data  sources  such  as  the  LANDSAT 
DCS  for  ground  cruth.  Before  this  interaction  situation  can  become 
a reality  it  would  be  necessary  to  provide  some  means  of  real  time 
relay  of  LANDSAT  imagery  to  an  operational  RCC . Even  prior  to  such 
a situation,  however,  a useful  interaction  may  take  place  as  the 
management /hydrologic  models  that  can  input  DCS /imagery  data 
pass  tiirough  various  stages  of  development  and  testing. 
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4.  2. 5. 4 


General 


4.  2.  5. 4.1  Spatial  Resolution 

The  LANDSAT-1  resolution  is  only  marginally  useful  for 
NED  purposes.  Better  spatial  resolution  approximating  that  of  the 
SKYLAB  S190B  camera  would  significantly  increase  operational  use- 
fulness to  the  NED  Reservoir  Control  Center,  except  perhaps  for 
the  monitoring  of  flood  stages  where  ground  truth  data  is  practically 
a necessity. 

4,2. 5. 4. 2 Temporal  Resolution 

The  18-day  LANDSAT-1  coverage  is  inadequate  for  the 
operational  needs  of  the  NED  Reservoir  Control  Center.  However, 
it  is  considered  that  an  every  day  or  every  other  day  coverage  would 
be  significantly  useful  during  high  flood  potential  periods.  If  this 
were  the  case  in  order  to  conserve  production  costs  and  file  space, 
it  would  be  advantageous  for  NED  to  have  the  option  as  to  how  often 
the  imaging  cameras  are  "turned  on"  over  its  area  of  responsibility, 

4.  2. 5. 4. 3 Spectral  Resolution 

The  spectral  resolution  afforded  by  the  LANDSAT  4-band 
MSS  (0.5  to  1.  1 micrometers)  seems  adequate  for  many  operational 
concerns  of  NED.  However,  the  experimental  use  of  additional 
bandwidths,  especially  those  in  the  ultraviolet  and  the  thermal  infra- 
red might  help  solve  some  of  the  problems  of  quantifying  certain 
feature  characteristics  on  the  imagery  suf.h  as  snow  water  content, 
water  depth  and  water  quality. 

4.  2.  5. 4. 4 MSS  Versus  RBV  Imagery 

The  4-band  MSS  imagery  w-as  the  major  source  of 
LANDSAT  imagery  available  for  study  although  a few  early  RBV  frames 
were  studied  for  comparison.  For  NED  operational  purposes,  at 
this  time,  neither  MSS  nor  RBV  would  have  distinct  relative  ad- 
vantages or  disadvantages  over  the  other.  The  RBV  images  have 
somewhat  better  geometric  fidelity,  a more  convenient  square  for- 
mat, intersections  of  latitude -longitude  annotated  on  the  image,  and 
3-bands  ranging  from  0.48  to  0.33  micrometers  (which  cuts  off 
some  of  the  near-IR).  On  the  other  hand,  the  MSS  has  better  spec- 
tral fidelity,  lesser  geometric  fidelity,  a more  inconvenient  skewed 


format,  annotated  marginal  latitude -longitude  tick  marks,  and  a 
wider  spectral  range  divided  inco  4 bands  ranging  from  0.5  to  1.  1 
micrometers  in  the  near  IR  region. 

4.  2. 5. 4.  5 100  X 100  Mile  Format 


The  100  X 100  nautical  mile  format  of  the  LANDSAT  im- 
agery is  satisfactory  for  NED  purposes.  Major  tributary  water- 
sheds conveniently  fit  into  one  or  two  frames.  However,  the 
Connecticut  River,  with  a length  of  400  miles,  would  be  best  for- 
matted using  a long  continuous  strip  produced  by  a single  LANDSAT 
orbital  pass  from  Canada  to  Long  Island  Sound.  This  long  format 
would  produce  a true  synoptic  view  of  north/south  trending  rivers 
such  as  the  Connecticut,  rather  than  the  pasted-togclher , butt- 
edged  look  of  the  present  LANDSAT  100  x 100  mile  format. 

4.  2.  5. 4.  6 Side  Overlap 

The  additional  temporal  information  in  the  39  to  52 
mile  side  overlap  in  the  New  England  latitudes  produced  by  LANDSAT 
orbits  24  hours  apart  is  not  co*'.3idered  to  be  operationally  useful 
for  NED.  These  overlap  strips  produce  the  two  views  separated 
by  24  hours  just  once  in  every  18-day  period  --  and  it  is  only  for- 
tuitous if  the  overlap  strip  occurs  in  a particular  watershed  of 
interest. 


Overlapping  pairs  of  imagery  in  the  direction  of 
LANDSAT  flight  produced  by  framing  camera  such  as  the  RBV  might 
be  useful  for  producing  stereo  effects  for  improving  interpretation 
of  vertical  dimensions. 

4,  2.  5. 4.  7 Sun  Angle 

The  constant  sun  angle  inherent  in  the  LANDSAT  imagery 
is  a distinct  advantage  in  interpretation  of  scenes  in  the  NED  re- 
gion. This  advantage  is  particularly  apparent  when  compared  with 
aerial  imagery  taken  at  different  sun  angles  of  mountainous  terrain 
typical  of  the  New  England  region. 

The  1000  hours  LANDSAT  overflights  seem  to  be  advan- 
tageous for  viewing  New  England  terrain.  A much  earlier  morning 
LA'^UISAT  passage  and/or  a iatc  afternoon  passage  (especially  in  winter) 
would  produce  greater  terrain  relief  shadows  but  less  illumination 
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causing  greater  interpretational  difficulties. 


NED  operations  are  not  geaied  to  a particular  single 
time  of  the  day;  hence  the  particular  time  of  LANDSAT  imaging  is 
otherwise  not  important  from  the  NED  viewpoint.  However,  one 
could  speculate  about  the  future  usefulness  of  synchronizing  LANDSAT 
imaging  with  the  observational  times  of  the  meteorological  obser- 
vations of  the  National  Weather  Service  and  other  hydrometeoro- 
logical data  collection  networks.  Such  synchronization  of  LANDSAT 
with  other  weather  and  water  observations  could  become  quite 
important  as  computerized  forecasting  techniques  using  mathe- 
matical models  become  more  and  more  relied  upon. 


( ^ 


4.  2.  5.4.  8 Factors  Which  Degrade  Resolution 

Factors  which  degrade  the  spatial,  temporal  or  spec- 
tral resolution  of  LANDSAT  imagery  are  of  extreme  importance  to  NED 
operations.  Any  degradation  of  the  interpreted  product,  for  what- 
ever reason  can  severely  reduce  the  x'sefvilness  of  the  imagery  for 
NED  reservoir  control  purposes. 

For  example,  in  our  studies,  interpretation  of  I^^NDSAT 
imagery  has  been  compromised  by  weather  factors  such  as  cloud 
cover,  haze,  and  atmospheric  attenuation  caused  by  light  scattering. 

Seasonal  variation  of  sun  angle  provides  distinct  dif- 
ferences in  interpretation  of  LANDSAT  imagery  for  NED  purposes.  In 
winter,  the  lower  sun  angle  mcreases  terrain  shadows  which  en- 
hances observability  of  terrain  relief  features;  however,  this  ad- 
vantage is  reduced  by  the  lower  level  of  scene  illumination.  On  the 
other  hand,  the  high  angle  of  the  summer  sun  provides  less  no- 
ticeable terrain  relief  but  greater  scene  illumination. 

The  increased  svunmer  vegetative  cover  obscures 
ground  features.  In  winter  with  loss  of  vegetative  cover,  terrain 
features  are  more  easily  interpretablc,  and  rivers  and  smaller 
tributaries  are  more  distinct  (especially  after  a light  snowfall 
covers  the  ground,  but  not  water  surfaces). 

In  general,  the  early  spring  LANDSAT  imagery  (April) 
yields  the  best  overall  scene  intqrpretability  because  of  high  sun 
angle,  good  illumination,  and  sparse  vegetative  cover. 
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4.  2.  5. 4.  9 Need  for  All-Weather,  Day-Night  Capability 


For  NED  operational  purposes,  an  all-weather,  day- 
night  capability  would  greatly  enhance  the  usefulness  of  the  LANDSAT 
imagery.  Major  decisions  are  made  during  flood  situations  which 
occur  during  inclement  weather  and  many  times  at  night.  Restric- 
tion of  imagery  capabilities  to  clear  weather  daylight  hours  im- 
poses severe  difficulties  for  NED  operational  missions.  The  use 
of  thermal  infrared  bands  as  well  as  radar  should  be  considered 
in  attempting  an  answer  to  these  needs. 

4.2.5.4.10  Timeliness  of  Receipt  of  Imagery 

The  day-to-day  operational  requirements  of  NED  de- 
mand timeliness  of  hydrometeorological  information.  The  useful- 
ness of  LANDSAT  imagery  is  severely  reduced  as  the  time-lag  of  the 
data  increases.  For  example,  receipt  of  the  LANDSAT  imagery  1 to  5 
months  after  the  overflight  occurs  renders  the  imagery  useless  for 
operational  purposes.  Real  time  receipt  at  the  NED  Reservoir 
Control  Center  would  be  ideal.  However,  a 1 to  2 day  delay  of 
receipt  of  imagery  could  still  be  useful  for  certain  ope  rationed 
purposes  such  as  some  water  quality,  ice,  snow  and  soil  moisture 
depictions.  Longer  delays  would  be  acceptable  for  long  range 
water  quality,  post  flood  and  other  similar  studies. 

4.2.5.4.11  Reliability  of  Regular  Receipt  of  Unimpaired 

LANDSAT  Imagery 

NED  must  depend  on  reliable  receipt  of  data  for  oper- 
ational purposes.  Failure  to  routinely  receive  unimpaired  LANDSAT 
imagery  for  any  reason  (e.g.,  due  to  breakdown  in  data  process- 
ing, excessive  cloud  cover,  etc.)  would;  (a)  jeopardize  operational 
functions,  (b)  lower  the  reliance  on  the  LANDSAT  imagery  on  the  part 
of  operational  personnel,  and  (c)  in  the  absence  of  backup  data  for 
LANDSAT  imagery , require  special  ad  hoc  operational  procedures  to 
be  implemented  (perhaps  at  greater  cost  and  yielding  reduced  in- 
formation to  the  Reservoir  Control  Center), 

5.0  A LOOK  INTO  THE  FUTURE 

This  investigation  of  the  separate  and  coordinated 
uses  of  the  LANDSAT- 1 Data  Collection  and  Imaging  Systems  has  been 
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part  of  an  overall  Corps  of  Engineers  R & O program  to  assess 
potential  remote  sensing  capabilities  for  operational  watershed 
management  purposes.  Since  this  study  has  indicated  techno- 
logical  feasibility,'  albeit  with  the  expectation  of  further  advances 
in  imaging  systems  and  products,  we  feel  that  an  immediate  en- 
try into  the  next  stage  of  development  is  appropriate.  This  calls 
for  pilot  project  test  and  evaluation  demonstrations  under  quasi- 
operational  conditions.  At  this  stage,  practical  operational  fac- 
tors and  economic  feasibility  will  be  tested.  This  is  the  express 
purpose  of  our  LANDSAT-2  follow-on  investigation  which  will  heavily 
emphasize  development  of  an  interactive  computer  processing 
system  for  depicting  hydrologic  data  from  LANDSAT  imagery.  It  is 
also  the  goal  of  our  related  construction  of  an  inexpensive,  semi- 
automatic and  easily  maintained  ground  receive  station  for  direct 
real  time  acquisition  of  LANDSAT  DCS  data.  If  these  demonstration 
projects  are  considered  successful,  steps  leading  toward  full 
implementation  of  an  operating  system  will  be  reconunended. 

In  summary,  we  feel,  that  this  opportunity  to  partici- 
pate in  the  LANDSAT- 1 experiment  has  significantly  contributed  to  the 
ability  of  the  Corps  of  Engineers  to  keep  pace  with  the  advancing 
technology  applicable  to  watershed  management,  is  through  the 
generosity  and  cooperation  of  agencies  such  as  NASA  that  the  oper- 
ational arms  of  the  Federal  Government  can  seek  new  and  improved 
means  of  meeting  their  increasingly  complex  goals. 
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TABLE  1 


THE  NHV.'  K‘.:CL.V:L  AUTOtlATIC 

HYDROLOCIC  RAnio'REPUKfiNCr^\E7'.:6Tx-i<TT-’bBT  STATIONS  A.\’D  PARAMETERS 


STATION 

REPORTING 

PARAMETERS 

1 LOCATION 

River 

Reser. 

Tide 

River 

State 

Stage 

Stage 

Prccip. 

Data* 

PASSUMPSIC 

Passumpsic 

Vt. 

X 

X 

WELLS  RIVER 

Connecticut 

Vt. 

X 

WEST  HARTFORD 

White 

Vt. 

X 

WHITE  R.  JUNCT. 

Connecticut 

Vt. 

X 

WOODSTOCK 

Pemigewasset 

N.H. 

K 

X 

RUMNEY 

Baker 

N.H. 

X 

X 

PLYMOUTH 

Pemigewasset 

N.H. 

X 

PENACnOK 

ContoocooK 

N.H. 

X 

SOUCOOK 

Soucook 

N.H. 

X 

CONCORD 

Merrimack 

N.H. 

X 

GOFFSTOUN 

Piscataquog 

N.H. 

X 

GOFFS  FALLS 

Merrimack 

N.H. 

X 

N.  WALPOLE 

Connecticut 

N.H. 

X 

W.  DEERFIELD 

Deerfield 

Mass. 

X 

MONTAGUE  CITY 

Connecticut 

Mass. 

X 

CONANT  BRK.  DAM 

Conant  Brook 

Mass. 

X 

INDIAN  ORCHARD 

Chicopee 

Mass. 

X 

WESTFIELD 

Westfield 

Mass. 

X 

SPRINGFIELD 

Connecticut 

Mass. 

X 

WEBSTER 

French 

Mass. 

X 

NORTHER IDGE 

Blackstone 

Mass . 

X 

LOWELL 

Merrimack 

Mass. 

X 

MAD  RIVER  LAKE 

Mad 

Conn. 

X 

COLLINSVILLE 

Farmington 

Conn. 

X 

RAINBOW 

Farmington 

Conn. 

X 

HARTFORD 

Connecticut 

Conn . 

X 

HALL  MEADOW  DAM 

Hal  1 Meadow 

Conn . 

X 

EAST  BRANCH  DAM 

Naugatuck 

Conn. 

X 

X 

THOMASTON  DAM 

Naugatuck 

Conn. 

X 

NORTHFIELO  BRK.  LK. 

Northfield  Brk. 

Conn. 

X 

BLACK  ROCK  LAKE 

Conn. 

X 

HANCOCK  BRK.  LAKE 

Hancock  Brk . 

Conn. 

X 

HOP  BRK.  LAKE 

Hop  Brook 

Conn. 

X 

BEACON  FALLS 

Naugatuck 

Conn. 

X 

STEVENSON 

Housatonic 

Conn. 

X 

WILLIMANTIC 

Shetuckot 

Conn. 

X 

NORWICH** 

•Shetuckct 

Conn. 

X 

NATCHAUG 

Quinebaug 

Conn. 

X 

01  D SAYBRCOK 

Conn . 

X 

BLOCK  ISLAND 

R.I. 

X 

WOONSOCKET 

Blackstone 

R.l. 

X 

1 Total  29 

9 

5 

2 

■*  Includes  Wind  Dir.,  Wind  Vel.,  ^ar.  Pres.,  Tide  Elev. 
**  Includes  both  Headwctcv  (QuinoLauq  R.)  and  Tailwater 
(Shetuckct  R.)  staqes. 
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TABL£  2 


THE  NEW  ENGLAND  DIVISION  LANDSAT-1  DATA  REPORTING 
NETWORK  - REPORTING  STATIONS  AND  PARAMETERS 

9 SEPTEMBER  1974 


SITE 
ID  NO. 

TYPE* 

STATION  NAME 

LAT 

LONG 

1 

s 

SAINT  JOHN  RIVER  AT  FORT  KENT,  MAINE 

47  15 

68  35 

8 

S 

SAINT  JOHN  RIVER  AT  NINEMILE  BRIOCC,  MAINE 

46  42 

69  43 

2 

S 

PENOBSCOT  RIVER  AT  WEST  ENFIELD,  MAINE 

45  14 

68  39 

3 

s 

CARABASSETT  RIVER  AT  NORTH  ANSON,  MAINE 

44  52 

69  57 

5 

s 

SACO  RIVER  AT  CORNISH,  MAINE 

43  48 

70  47 

6 

s 

PEMIGEWASSET  RIVER  AT  PLYMOUTH.  N.  H. 

43  45 

71  41 

7 

s 

MERRIMACK  RIVER  AT  GOFFS  FALLS,  N.  H. 

42  57 

71  28 

10 

s 

TOWN  BROOK  AT  QUINCY,  MASSACHUSETTS 

42  15 

71  00 

41 

s 

NORTH  NASHUA  RIVER  AT  FITCHBURG,  MASS. 

42  34 

71  47 

11 

s 

PAWTUXET  RIVER  AT  CRANSTON,  R.  1. 

41  45 

71  27 

13 

S 

BRANCH  RIVER  AT  FORESTDALE,  R.  I. 

42  00 

71  34 

12 

s 

CONNECTICUT  RIVER  AT  HARTFORD,  CONN. 

41  46 

72  40 

20 

p 

STINSON  MOUNTAIN,  NEW  HAMPSHIRE 

43  50 

71  47 

21 

p 

SOUTH  MOUNTAIN,  NEW  HAMPSHIRE 

42  59 

71  35 

22 

p 

FRANKLIN  FALLS  DAM,  NEW  HAMPSHIRE 

43  28 

71  40 

23 

p 

BLACKWATER  DAM,  NEW  HAMPSHIRE 

43  19 

71  44 

24 

p 

MAC  DOWELL  DAM,  NEW  HAMPSHIRE 

42  54 

71  59 

26 

p 

WACHUSETT  MOUNTAIN.  MASSACHUSETTS 

42  29 

71  53 

2S 

p 

MANSFIELD  HOLLOW  DAM,  CONNECTICUT 

41  46 

72  11 

30 

c 

STAMFORD  BARRIER.  STAMFORD,  CONNECTICUT 

41  02 

73  32 

42 

Q 

WESTFIELD  R.  AT  WEST  SPRINGFIELD,  MASS. 

42  06 

72  38 

43 

Q 

CHICOPEE  RIVER  AT  CHICOPEE,  MASS. 

42  09 

72  35 

44 

Q 

FRENCH  RIVER  AT  WEBSTER,  MASSACHUSETTS 

42  03 

71  53 

SO 

T 

NED  HEADQUARTERS.  WALTHAM,  MASS. 

42  24 

71  13 

51 

T 

COLD  REGIONS  LABORATORY  AT  HANOVER,  N.  H. 

VARIABLE 

52 

T 

COLD  REGIONS  LABORATORY  AT  HANOVER,  N.  H, 

VARIABLE 

54 

1 

T 

U.S.  GEOLOGICAL  SURVEY,  BOSTON,  .MASS. 



VARIABLE 
1 

* S . RIVER  stage 
P - PRECIPITATION 

C . COASTAL  (WLND  DIRECTION.  VELOCITY  AND  TIDE) 

Q . WATER  QUAUTY  (TEMPERATURE,  CONDUCTIVITY,  PH  AND  DISSOLVED  OXYGEN) 
T . TEST  SET  (SENSORS  VARIABLE) 
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TABLE  3 


DCP  COMPONENT  MALFUNCTION  STATISTICS 
(For  Entire  LANDSAT  Experimental  Period  From 
23  July  1972  Through  29  May  1974) 


No  Malfunction 
One  Malfunction 
Two  Malfunctions 
Three  Malfunctions 


18  DCP's 
5 DCP's 
3 DCP's 
1 DCP 


DCP  No. 

Life  in  Months 
Before  First 
Component 
Malfuiiction 

Life  in  Months 
Before  Second 
Component 
Malfunction 

Life  in  Months 
Before  Third 
Component 
Malfunction 

6201 

1 (?•"!) 

- 

- 

6246 

2 (p.m.f) 

1 (0 

2 (f) 

6271 

2 (p) 

2 (P) 

• 

6220 

2 (p,m) 

3 (P) 

• 

6106 

5 (£) 

2 (P) 

- 

6170 

7 (p,m) 

- 

- 

6021 

8 (p) 

- 

6071 

8 (t,m) 

- 

- 

6242 

11  (P) 

J 



- 

Component  Malfxxnction  Type; 

p = programmer  board 
t = transmitter  board 
m = parallel/digital  multiplex  board 
£ = fuse 
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TABLE  4 

DCP  FIELD  OF  VIEW  STATISTICS 


(For  Entire  LANDSAT  Experimental  Period 
From  23  July  1972  Through  29  May  1974) 


General 

Location 


Location  Description 


Wide  river  channel,  DC  in  open  field 
Clear  view  on  wide  river  channel 

Narrow  river  channel,  dense  woods  on  bank  side  of  DCP 
Surrounded  by  larye  overhanging  trees 
high  trees  on  bant,  side  of  DC’ P 

OCi'  in  shadow  ot  large  tree  - many  other  trees  around 
Clear  view  on  wide  river  channel 
• Clear  vu  w on  wide  river  channel 
Many  trees  over  IX  P 
Two  large  tre»  s ni.»r  DCP  linui  view 
■Iwo-lhirds  open  view,  one-third  in  shadow  of  trees 
Clear  view  on  wide  river  channel 
Surrounded  by  n.any  overhanging  trees 
Narrow  river  channel,  high  trees  on  both  banks 
Clear  view 

I rees  and  buildings  on  one  side  of  DCP 

Clear  view 

('lean  view 

Clear  view 

Clear  view 

Chear  view 

Cli-ar  view 

Char  view  - DC  I’ at  hurricane  harrier 


Reports  Possible/ 
18  Days 


* 1 \act  loc.tlions  may  bt  lound  in  I ahii  1 >\iept  for  the  following  which 
\‘ere  .ihandoncrl  prior  in  * Septembir  P)74* 

No.  4 - AndrohCi)i.gin  iMver  at  Auburn,  \!  iine 

No,  - (’harl*  s River  tt  ( harles  IMver  V ilUgc,  Mass, 

No,  -4O  - .\sluielot  Rivei  rtt  \tinchi8ter,  N,  h. 

Sut  s J and  44  are  not  mclufied  in  i leld  of  View  Statistics  because 
eiiluT  tiuy  Wi  rc  not  in  \is»  during  ilie  period  or  not  lu  normal  operation 
enough  to  yield  valul  ‘.talistics 


SUMMARY  OF  LANDSAT  QUESTIONNAIRE 
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Total  number  of  sites  = 4,437,  thus  indicating  numerous  multiparame>er  situations 
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NORTH  HARTLAND  LAKE.  VT.  50  PERCENT  FULL  DURING  JULY  . 1973  FLOOD 
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FROM  THE  AUTOMATIC  HYDROLOGIC  RADIO  REPORTING  NETWORK 


AIN  GAGE 
BUCKET 


TYPICAL  LANDSAT  PRECIPITATION  STATION  EOUIPMENT 


LANDSAT  RIVER  G/NGING  SITE 
THE  CARABASSETT  RIVER  AT  NORTH  ANSON,  MAINE 


LANDSAT  1 DATA  REPORTING  STATIONS 


REPORTS  RECEIVED 


' . PvGili 


LANDSAT  COryiPOSITE  IMAGE  OF  CONNECTICUT  RIVER  THREE 
WEEKS  AFTER  A FLOOD 


FIG.  If) 


(a»  WINTbR 


»<l  SUMMER 


LANDSATCOMPOSITF.  IMAGES  OF  F/' l\T  JO'IM  RIVER.  MAINE 
(LEFT  BOX  FAC-Lt  I.AI.E  AND  THE  FISH  RIVER. 

RIGHT  BOX  AROOSTOOK  RIVER)  , 


TE  OF  LAKE 
I OVERLAPPI 
lY  PASSES  TC 


REPRODUCIBILrrY  OF  Tl.Ii: 
ORIGINAL  PAGE  IS 


LANOSAT  COMPOSITE  IMAGE  OF  MIDWINTER  SNOW  COVER 
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THE  APPLICATION  OF  REMOTE  SENSING  TECHNOLOGY  TO  THE  INVENTORY  OF  W-18 

PLAYA  LAKES  IN  THE  HIGH  PLAINS  OF  TEXAS 

By  A.  Wayne  Wyatt,  Michael  L.  Ellis,  and  Ann  E.  Bell,  Texas  Water  Development  Board,  Austin 
Texas 


ABSTRACT  fr76-T760?> 

The  Texas  Water  Development  Board  is  planning  a project  to  determine  the  feasibility 
of  using  LANDSAT  digital  data  to  inventory  the  playa  lakes  of  the  High  Plains  region  of 
Texas.  The  project  will  use  the  Detection  and  Mapping  (DAM)  package  develc;.ed  at  NASA- 
Johnson  Space  Center.  The  economy  of  the  High  Plains  region  is  dependent  , on  ground  water 
for  irrigation  and  the  Ogallala  aquifer  is  being  depleted  faster  than  it  is  being  recharged. 
The  playa  lakes  represent  a potential  source  of  artificial  recharge  for  the  aquifer  and  an 
inventory  is  the  first  step  in  that  direction. 


INTRODUCTION 


The  Texas  Water  Development  Board  (TWDB)  has  been  closely  associated  with  the  develop- 
ment of  an  operational  remote  sensing  technique  for  the  detection  and  mapping  of  surface 
water  bodies  since  June,  1973.  The  procedure  was  developed  by  NASA-Johnson  Space  Center 
(JSC)  in  support  of  the  National  Program  of  Inspection  of  Dams  (established  by  Public  Law 
92-367).  The  procedure,  which  uses  LANDSAT  digital  data,  has  been  continuously  refined, 
with  input  from  the  State  of  Texas  on  operational  aspects,  until  it  represents  a significant 
step  toward  offering  a functional  agency  a useful  monitoring  tool. 

To  further  establish  the  actual  utility  of  an  operational  remote  ' sing  technique,  the 
TWDB  is  currently  designing  a project,  centered  around  the  NASA/JSC  p j.ydure,  to  inventory 
the  numerous  playa  (or  shallow  ephemeral)  lakes  of  the  Texas  High  Pla  ns  region.  Prior  to 
discussing  the  planned  technical  approach,  some  background  on  the  Texas  High  Plains,  and  the 
need  for  an  inventory  of  its  playa  lakes,  is  appropriate. 


THE  TEXAS  HIGH  PLAINS 


The  High  Plains  of  Texas  is  the  southermost  extension  of  the  High  Plains  section  of  the 
Great  Plains  Physiographic  Province  of  North  America  (Fenneman,  1931).  The  High  Plains 
section  extends  from  eastern  New  Mexico  across  western  Texas,  Oklahoma,  Colorado,  Kansas, 
Wyoming,  and  Nebraska  into  southern  South  Dakota.  The  High  Plains  within  Texas  covers  an 
area  of  about  35,000  square  miles,  and  is  crossed  by  the  Canadian,  Red,  Brazos,  and  Colorado 
Rivers.  This  broad  area,  which  averages  about  300  miles  from  north  to  south  and  about  120 
miles  from  east  to  west,  includes  parts  or  all  of  45  counties  within  the  State. 

Fertile  land  and  a good  climate  make  the  Texas  High  Plains  one  of  the  leading  agricul- 
tural production  areas  in  the  nation  with  a total  farm  income  of  over  $3  billion  annually 
(Swann,  1974).  Leading  crops  produced  in  the  region  are  cotton,  grain  sorghum,  wheat,  soy- 
beans, castor  beans,  corn,  sugar  beets,  and  vegetables.  Numerous  supporting  agribusinesses 
also  make  significant  contributions  to  the  total  income  of  the  region. 


Physical  Features 

The  High  Plains  or  "Llano  Estacado,"  as  named  by  the  early  Spanish  explorers,  exhibits 
very  little  relief.  The  surface  is  essentially  flat,  sloping  eastward  to  a boundary  whici 
in  most  places,  is  sharply  defined  by  a prominent  caprock  escarpment  ranging  upward  to 
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several  hundred  feet  high.  The  surface  is  characterized  by  thousands  of  small  shallow  de- 
pressions commonly  referred  to  as  playas  or  playa  lakes,  several  large  lakes,  and  small 
stream  valleys.  The  average  elevation  of  the  High  Plains  is  over  3,000  feet  above  sea  level. 

The  climate  of  the  High  Plains  is  semi-arid.  Average  annual  precipitation  ranges  from 
about  12  inches  in  the  southwestern  part  of  the  High  Plains  to  about  20  inches  in  the  north- 
western part  of  the  High  Plains  to  about  22  inches  in  the  northeastern  Panhandle.  Much  of 
the  annual  precipitation  is  local  rather  than  regional  in  nature,  and  a large  percentage  of 
the  annual  total  occurs  within  short  periods  of  time,  particularly  during  the  growing  sea- 
son (April  through  September)  when,  on  the  average,  about  70  percent  of  the  annual  precipi- 
tation falls.  The  average  evaporation  rate  of  about  80  inches  per  year  and  an  average  wind 
velocity  of  about  12  mph  (miles  per  hour)  is  characteristic  of  this  climate. 

Water  Resources  of  the  Region 

Ground  water,  produced  from  the  Ogallala  Formation,  is  extremely  important  to  the  eco- 
nomy of  tiie  High  Plains  inasmuch  as  most  of  the  agricultural  crops  grown  in  the  >"eqion  are 
irrigated  with  the  ground  water  to  supplement  the  limited  rainfall.  More  than  65  percent 
of  the  total  irrigated  acreage  in  Texas  is  located  in  the  High  Plains.  Virtually  ell  of 
the  municipal,  industrial,  irrigation  water  supply  is  obtained  from  water  stored  in  the 
Ogallala  Formation. 

Annual  water-level  measureme-ts,  made  in  hundreds  of  selected  water  wells  throughout 
the  High  Plains  show  that  the  ground-water  supply  in  the  Ogallala  Aquifer  is  being  depleted. 
This  aquifer  is  thought  to  have  contained  as  much  as  600  million  acre-feet  of  water  before 
large-scale  irrigation  began  in  the  1930‘s  and  1940's.  Today,  the  more  than  70,000  irri- 
gation wells  which  dot  the  region  are  believed  to  produce  5 to  6 million  acre-feet  of  water 
annually.  During  the  past  three  decades,  the  withdrawal  of  ground  water  has  greatly  ex- 
ceeded the  natural  recharge  to  the  aquifer. 

Results  of  a recent  computer  evaluation  and  projection  model  developed  by  the  Texas 
Water  Development  Board  indicate  that  there  are  currently  about  340  million  acre-feet  of 
recoverable  ground  water  in  storage  in  the  area  underlain  by  the  Ogallala  Formation.  By 
the  year  2020,  this  volume  of  ground  water  in  storage  may  decrease  to  about  126  million 
acre-feet. 

Saturated  thickness  contour  plots  produced  by  the  model  reveal  that  there  is  a very 
uneven  distribution  of  this  ground  water  resource  in  the  45  county  study  area.  The  uneven 
distribution  is  largely  a result  of  the  irregular  configuration  of  the  older  beds  on  which 
the  Ogallala  was  deposited.  For  this  reason  the  formation  is  very  thin  in  some  areas  (less 
than  100  feet)  and  very  thick  in  others  (more  than  900  feet).  Often  these  contrasts  occur 
in  relatively  short  distances. 

The  thin  sections  of  ^'he  Ogallala  provide  limited  storage  capacity  for  water;  therefore, 
intensive  irrigation  development  and  use  of  ground  water  from  these  limited  resource  areas 
have  resulted  in  serious  depletion  of  the  aquifer  in  some  localized  areas.  In  contrast, 
other  areas  with  very  thick  sections  having  large  sto>^.'  capacity,  have  been  fui'y  developed 
and  have  experienced  high  water  use,  yet  still  have  a q te  ground  water  resources  to 
support  irrigation  for  some  decades  to  come.  Use  of  the  model  revealed  that  the  majority  of 
the  High  Plains  area  falls  between  these  two  extremes.  In  addition  to  this  important  qround 
water  resource,  the  playa  lakes  serve  as  the  main  surface  water  resource.  In  fact,  if  t'e 
playa  lakes  did  not  exist  on  the  Hiqh  Plains  of  Texas  to  serve  as  storage  basins  for  rain- 
fall runoff  water,  there  probably  would  never  have  been  large  volumes  of  underground  water 
stored  in  the  water  bearing  formations  of  the  area  (Wyatt,  1966).  Runoff  water  accumulated 
in  these  small  undrained  depressions  is  the  main  surface  water  supply  available  to  the  High 
Plains  farmer  for  irrigation.  These  depressions,  which  influence  the  otherwise  relatively 
smooth,  flat  contours  of  the  Ogallala  Formation,  may  range  in  size  from  very  small  (less 
than  one  acre)  to  more  than  250  acres  of  surface  ■■■rea  and  may  be  from  only  a few  inches 
deep  to  several  feet  in  depth.  Nine  hundred  to  1,  >00  depressions  per  county  (an  average  of 
about  900  square  miles)  have  been  counted  in  previous  studies  (Reeves  and  Parry,  1967). 
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Most  of  the  lakes  contain  water  only  when  filled  by  surface  runoff,  and  are  normally  dry 
mar.y  months  of  the  year.  The  drainage  area  of  the  playa  lakes  may  range  from  a few  acres 
to  more  than  50  square  miles.  If  water  is  allowed  to  remain  in  these  lakes,  evaporation 
accounts  for  great  losses.  During  the  summer  when  75  percent  of  the  rain  falls,  85  percent 

of  the  to^’al  evaporation  occurs.  According  to  Jim  Valliant  (1975)  of  the  Texas  Agricultural 

Experiment  Station,  a 100-acre  playa  lake  can  lose  an  average  of  600  gallons  every  minute 

during  July.  Therefore  water  in  the  sha'low  lakes  could  only  be  expected  to  remain  for  a 

few  days.  Some  of  the  larger  and  deeper  depressions  may  support  lakes  during  a series  of 
wet  years,  but  dry  up  during  a series  of  dry  years,  These  larger  playas  are  often  called 
■'alkali"  or  "saline  lakes,"  because  the  water  has  a high  mineral  content  as  a result  of  the 
concentration  of  the  salts  by  evaporation.  The  High  Plains  region  may  be  divided  into  sub- 
areas  on  the  basis  of  soil  differences.  The  northern  area,  essentially  that  north  of  Bailey, 
Lamb,  Lubbock,  and  Garza  Counties,  has  primarily  tine-textured  soils.  The  southern  area  has 
primarily  medium- textured  soils  with  the  southwestern  portion  having  sons  coarse-textured 
soils.  Generally  the  fine-textured  soils  area  has  a greater  number  of  large  lakes,  and  the 
lakes  have  larger  volumes  per  unit  surface  size  than  lakes  of  the  medium-textured  soils  area 
(Grubb  and  Parks,  1968).  Lakes  located  in  the  fine-textured  soils  area,  account  for  a large 
portion  of  the  area's  total  storage  capacity. 

Geologic  Trigin  of  Playas 

There  are  several  theories  as  to  the  origin  of  the  playa  lakes  formed  on  the  Ogallala 
Formation,  but  the  one  that  is  generally  accepted  involves  three  factors.  The  Ogallala, 
derived  ^rom  the  erosion  of  the  Rocky  Mountains  to  the  west,  was  deposited  in  the  area  dur- 
ing Pliocene  time  as  a heterogeneous  al'luvial  layer  which  resulted  in  differential  settling. 
P'lring  the  wet  periods  of  the  Pleistocene,  water  collected  in  low  places  and  percolated  down- 
ward, removing  the  soluble  calcareous  cement  of  the  formation  and  causing  slumping.  During 
the  succeeding  dry  periods,  these  depressions  were  eroded  by  the  action  of  the  wind  to  form 
the  playas  we  see  today.  The  remnants  of  transverse  dunes  which  surround  many  of  the  larger 
playa  lakes,  and  the  vast  amounts  of  sands  and  silts  stretchinn  as  far  as  5 to  6 miles  from 
the  playas  serve  to  support  this  theory  (Reeves,  1966). 

The  shapes  of  the  present  playa  depressions  indicate  their  origin  and  age  (Reeves  and 
Parry,  1967).  Recent  playas  have  a circular  shape,  but  the  older  ones  are  subcircula»*  .o 
elliptical  in  shape  because  they  have  been  altered  by  end-current  erosion,  during  the  short, 
intermittent  wet  periods  following  the  arid  intervals. 

Tne  Need  for  an  Inventory 

To  the  person  flying  over  the  High  Plains,  playas  filled  by  runoff  ^ 'om  recent  rains, 
may  be  a beautiful  sight  to  behold.  The  sunlight  glistening  off  the  sur  ce  of  the  many 
lakes  dotting  the  landscape  gives  the  appearance  of  jewels  on  the  land.  Perhaps  they  are 
jewels  in  disguise  to  the  semi-arid  High  Plains  agricultural  enterprises,  since  runoff  water 
is  Cwllected  in  the  many  playas  and  retained  in  the  region  rather  than  running  off  to  another 
part  of  the  State  or  Nation  through  well  defined  drainage  channels  (Pell  and  Sechrist,  1970). 

In  view  of  the  fact  that  the  ecv^nomy  of  the  region  i'-  based  largely  on  irrigated  agri- 
culture supplie'  uy  water  mined  from  the  Ogallala,  it  would  seem  prudent  to  begin  utilizing 
some  of  the  surface  water  found  in  the  playa  lakes  which  have  in  the  past  been  ill  used. 

In  an  effort  to  reduce  the  rate  of  evaporation,  many  farmers  are  attempting  to  modify 
the  shape  of  these  flat  shallow  lakes.  By  concentrating  the  storage  of  water  in  a small 
portion  of  the  lake,  an  equal  volume  of  water  can  be  stored  in  a smaller  area  thereby  allow- 
ing the  remaining  portion  of  the  lake  area  to  be  farmed  as  well  as  reducing  evaporation. 

This  means  more  usable  water  w’th  which  to  irrigate.  The  obiect  of  playa  modification  is 
to  maintain  the  storage  capacity  of  the  playa  while  significantly  reducing  the  surface  area. 

Very  little  is  known  regarding  the  quantity  of  water  that  a.nually  collects  in  the  nla- 
ya  lake  basins  though  it  is  thought  that  possibly  two  to  three  million  at.,  e-feet  may  be  a 
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reasonable  estimate.  Certainly,  of  the  water  that  col’ects  on  the  playas,  some  evaporates, 
some,  infiltrates,  and  some  is  beino  utillred  for  irrioation. 

Past  studies  show  that  15  to  57  percent  o;  the  playa  water  percolates  back  underground 
(Valliant,  1975).  Unfortunately,  the  57  percent  occurs  only  in  about  1/3  of  the  area.  This 
area  is  in  the  southern  part  where  the  coarse-textured  soils  exist  and  where  there  are  small 
lakes.  The  15  percent  occurs  in  the  northern  two-thirds  of  the  High  Plai.is  area  where  the 
lakes  are  larger  and  soils  tighte*'. 

Since  a significant  portion  of  the  precipitation  on  the  High  Plains  is  collected  in 
the  playas,  there  is  a potential  to  artificially  recharge  the  Ogall^la  from  these  shallow 
depressions.  To  determine  the  feasibility  of  such  a project,  there  is  a need  for  a detailed 
inventory  of  the  playas  including  such  information  as  the  total  number,  volume  of  water 
stored,  and  their  spatial  and  temporal  distribution. 


DESIGN  CRITERIA 


An  important  point  that  must  be  emphasized  before  continuing  is  that  the  project  de- 
scribed herein  has  not  yet  been  fully  implemented  or  evaluated,  but  will  be  in  the  near 
future.  A second  point  is  that  it  is  not  the  purpose  of  this  paper  to  present  in  detail  the 
methodology  of  the  DAM  package,  but  to  discuss  an  operational  use  of  the  system.  For  a 
technical  discussion  of  the  DAM  package,  the  reader  is  referred  to  the  numerous  documents 
published  by  NASA/ JSC  on  the  subject  which  are  listed  in  the  references. 

The  overall  goal  of  the  Playa  Lake  Monitoring  System  (PLMS)  is  to  demonstrate  the  feasi- 
bility of  a functional  state  agency  applying  remote  sensing  technology  toward  the  solution 
of  a real-world  problem.  The  specific  goal  is  to  provide,  on  a demand  or  repetitious  basis, 
statistics  on  the  number  and  sizes  of  the  playa  lakes  in  a six  county  test  area  , and  to 
archive  the  geographical  locaticns  of  these  lakes  for  •future  compatisons. 

As  was  noted  in  the  introduction,  this  project  will  center  around  a procedure  developed 
at  NASA/JSC,  known  as  the  Detection  and  Mapping  (DAM)  package.  This  p.\.cedurp  offers  nu- 
merous features  which  make  it  a viable  technique  to  solve  both  the  overall  and  specific 
goals  of  the  proposed  project.  The  follow'ng  features  of  the  p^-'kage  are  desirable  from  a 
functional  agency's  viewpoint: 

1.  A documented,  cook-oook  approach  which  can  o-'  exoruted  by  'persons  not  familiar 
with  either  remote  sensing  or  computers  is  provider'. 

2.  The  only  physical  requirements  of  the  system  are  a general  purpose  digital 
computer  and  a set  of  easily  obtainable  maps  and  graph pc  tools  - no  expensive 
special  purpose  hardware. 

3.  The  final  product  of  the  system  (i.e.,  map  overlays)  is  registered  very 
accurately  (currently  •*•/-  300  meters  or  better)  to  the  earth's  surface. 

The  map  overlays  may  be  at  any  scale  and  may  be  windowed  to  cov-‘r  cry 
selected  area  (even  if  it  crosses  CCT  bouridaries) . 

4.  The  procedure  is  very  cost  effective  (approximately  Si ,000-S i ,?00  per  TO, 000 
square  miles  of  coverage’). 

"^The  six  counties  in  the  test  area  are  Lubbock,  Castor,  Hale,  Swisher,  Lanpb,  and  Hockley. 

^This  figure  was  developed  by  the  Seattle  District  Corps  of  Enuineers  aftc-r  extensive 
use  of  the  package  \ia  the  TWDB  Computation  tenter. 
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— Bacause  of  these  features,  the  DAM  package  is  ideally  suited  to  assist  the  TWDB  in  mon- 
itoring the  playa  lakes  on  a continuing  basis. 


METHODOLOGY 


The  Playa  Lake  Monitoring  System  may  be  divided  into  a simple  set  of  procedural  steps 
which  are  discussed  next.  These  steps  will  be  initiated  when  it  is  determined  that,  because 
mer'.orc logical  or  other  conditions  warrant,  it  is  time  to  take  a 'look'  at  the  playa  lakes 
in  tVj  study  region.  Once  at  least  two  inventories  (an  inventory  shall  encompass  a limited 
tine  frame)  have  been  prodi'C'- ' and  archived  as  polygons  in  the  TWDB's  Geographic  Information 
System  (GIS)3,  f n’s  inform: t :n  may  be  retrieved,  combined,  and  analyzed  at  any  time  by 
ex i5 ling  software. 

Data  Acquisition 

A standing  order  will  be  placed  with  the  EROS  Data  Center  in  Sioux  Falls,  South  Dakota 
for  I.ANDSAT  9x9  positive  transparencies  in  bands  5 and  7 for  the  study  area  (with  a maxi- 
mum -loud  cor.straint  of  10%).  This  imagery  will  be  placed  on  file  and  be  available  to  assist 
data  selection  when  desired.  When  it  is  deemed  appropriate  to  prepare  an  inventory,  the 
imagery  file  can  be  checked  for  candidate  coverage.  The  imagery  will  be  indexed  by  geo- 
graphic coverage,  date,  and  cloud  cover  percent.  The  object,  then,  will  be  to  select  a set 
of  LANDSAT  scenes  which  (1)  are  virtually  cloud  free  (in  the  Texas  High  Plains  this  is  not 
a constraining  factor);  (2)  completely  cover  the  area  of  interest;  and  (3)  are  all  taken 
reasonably  soon  after  the  period  of  interest^. 

Once  the  desired  scenes  are  determined,  an  order  for  the  LANDSAT  digital  computer  com- 
patible tapes  (CCT's)  for  these  scenes  will  be  sent  to  the  EROS  Data  Center.  At  this  point, 
one  serious  drawback  occurs  and  that  is  the  time  that  must  elapse  prior  to  the  CCT's  being 
received  at  the  TWDB.  This  matter  is  complicated  by  the  fact  that  there  is  a considerable 
delay  from  the  image  date  until  the  standing  orders  are  sent  out  also.  These  problems  must 
be  accepted  for  the  time  beino,  however,  in  hopes  that  projects  such  as  this  will  help  justi- 
fy more  timely  dissemination  of  remotely  sensed  data  in  the  future.  The  following  steps 
assume  the  existence  of  the  CCT's  at  the  TWDB. 

Control  Point  Establ ishment 

To  be  able  to  produce  output  in  a real-world  coordinate  system,  the  DAM  package  requires 
a set  of  at  least  six  (6)  control  points  per  scene  where  the  coordinates  for  each  point  are 
known  in  both  the  scanner-oriented  system  and  the  real-world  systei^’.  The  major  effort  in 
the  control  point  establishment  will  have  to  be  performed  only  for  the  first  inventory. 

After  that,  very  simple  procedures  can  be  followed  to  determine  the  new  scanner-oriented 
coordinates  (the  real-world  coordinates  will  remain  the  same  as  long  as  a control  point  is 
valid  - the  validity  of  control  points  will  need  to  be  checked  occasionally).  A computer 
program  is  run  which  computes  the  transformation  coefficients  between  the  two  coordinate 
systems  after  removing  scanner  geometric  distortions.  Once  the  control  networks  for  each 
scene  in  the  set  is  established  and  adjusted  via  a computer  terminal,  this  step  is  complete. 
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^he  GIS  is  a set  of  computer  tools  to  capture,  refine,  store,  and  analyze  the  informa- 
tional and  spatial  content  of  map  and  map-related  data. 

^The  period  of  interest  may  be  a time  of  high  or  low  rainfall  depending  on  which  aspect 
of  the  playas  is  being  studied. 
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Classification 


The  next  step  is  to  run  a computer  program  (all  programs  run  on  the  TWDB's  UNIVAC  1106 
System)  which  accepts  as  input  the  transformation  coefficients  from  the  previous  step  and  / 

the  digital  CCT's  for  the  scene  and  classifies  each  pixel  (picture  element)  as  water  or 
non-water.  The  classification  process  is  a very  efficient  two  dimensional  linear  discri- 
minate function  which  requires  a small  amount  of  CPU  time,  and  almost  no  human  intervention. 

The  output  files  for  each  scene  are  saved  for  the  next  step. 

Eliminate  Overlapping  Data 

If  the  data  set  contains  more  than  one  scene,  there  will,  in  all  likelihood,  be  some 
duplicate  (and  possibly  triplicate)  data  points  or  pixels.  This  condition  occurs  because  . 

of  the  overlap  between  adjacent  scenes,  and  must  be  eliminated  prior  to  further  processing.  ' r 

To  accomplish  this,  a computer  program  will  be  developed  by  the  TWDB  which  will  merge 
all  of  the  scenes  in  the  set  into  one  spatially  continuous  file  based  on  the  real-world 
coordinates  now  inherent  in  all  of  the  data.  Since  the  individual  scenes  in  the  set  will 
be  from  at  least  slightly  differing  times,  the  classification  of  the  same  area  may  be 
different  between  scenes  (because  of  the  dynamic  nature  of  the  target  this  may  often  be  the 
case). 

To  provide  flexibility  in  handling  overlapping  data,  the  program  will  perform  either 
an  AND  or  an  OR  on  overlapping  pixels  to  determine  the  resulting  state.  The  AND  option  will 
cause  the  resulting  pixel  to  be  water  only  if  alj_  overlapping  pixels  are  water.  The  OR 
option  will  cause  the  resulting  pixel  to  be  water  if  an^  of  the  overlapping  pixels  are  water. 

Boundary  Extraction 

The  next  and  possibly  the  most  difficult  step  is  to  extract  a polygonal  boundary  for 
each  detected  uater  body.  The  reason  for  this  approach  is  that  there  already  exists  a body 
of  software  at  the  TWDB  to  store,  retrieve,  and  analyze  data  such  as  geographical  polygons^. 

Therefore,  once  the  boundaries  of  the  playas  are  extracted  from  the  DAM  System  files  in  the 
form  of  strings  of  geographic  coordi'ates,  existing  software  can  be  used  to  achieve  the 
specific  goals  of  the  system  (i.e.,  to  produce  certain  statistics  and  to  archive  the  data 
for  future  comparison). 

Any  boundary  tracing  algorithm  is  complicated  by  the  border  pixel  problem  (i.e., 

(1)  the  border  pixels  of  any  target  are  probably  a combination  of  the  target  and  its 
neighbor,  or  (2)  the  border  pixels  neighbor  contains  a small  portion  of  the  target,  though 
not  enough  to  cause  it  to  classify  as  the  target).  To  minimize  the  effect  this  problem  has 
on  surface  acreage  calculations,  the  boundary  tracing  algorithm  employed  must  tend  to 
average  this  effect  out  over  a large  number  of  cases.  Because  total  surface  acreage  esti- 
mates for  fairly  large  geographic  areas  are  the  desired  product  of  this  project,  as  opposed 
to  individual  playa  sizes,  this  approach  should  be  quite  suitable. 

A computer  program  will  be  developed  to  accept  as  input,  the  spatially  continuous  file 
created  in  the  previous  step  and  a percentage  value  for  border  pixel  inclusion.  The  boun- 
dary will  be  traced  around  the  perimeter  of  lakes  represented  by  at  least  three  (3)  con- 
tiguous pixels^  and  then  shrunk  by  a factor  which  will  tend  to  leave  only  the  percentage  of 


^This  refers  to  the  Geographic  Information  System  (GIS)  previously  mentioned. 

fiThree  contiguous  pixel''  represent  a lake  of  approximately  ten  (10)  surface  acres 
and  this  is  the  smallest  target  that  can  be  detected  with  suitable  accuracy  (Moore,  1973). 
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a border  pixel  as  stated  by  the  input  parameter.  The  border  pixel  inclusion  parameter  can 
then  be  manipulated  and  the  results  compared  with  ground  truth  data  until  a relatively 
suitable  value  is  obtained. 

Final  Products 

With  the  locations  of  the  playa  lakes  archived  in  GIS  files  (by  date  of  iiwentory),  the 
final  step  is  to  generate  the  required  statistics  and  maps.  The  statistics  of  interest  are 
the  total  number  of  the  detected  lakes,  the  total  surface  acreage,  and  the  average  surface 
acreage.  Since  the  GIS  already  contains  items  such  as  county  boundaries  and  aquifer  re- 
charge zones,  the  statistics  will  be  computed  for  the  entire  study  area  and  then  by  county 
and  any  other  subdivision  deemed  important. 

Maps  can  be  generated  at  any  scale  and  with  any  projection  depicting  the  playa  lakes 
and  other  features  stored  in  the  GIS  (e.g.,  river  traces,  county  boundaries,  and  soil  type 
zones)  on  a pen  plotter.  Since  the  data  from  all  previous  inventories  will  also  be  archived* 
temporal  changes  can  be  detected  either  visually  (by  maps)  or  analytically  (by  mathematically 
combining  the  data). 


CONCLUSIONS 


The  TWDB  is  planning  to  devote  significant  resources  to  ascertain  the  feasibility  of 
using  LANDSAT  digital  data  in  an  operational  and  economically  justifiable  project.  The 
successful  completion  of  the  project  would  be  the  first  step  in  determining  a valuable  source 
of  water  for  the  High  Plains  region  of  Texas.  The  project  will  also  determine  the  usefulness 
of  archiving  the  results  of  remote  sensing  classifications  by  extracting  field  boundaries 
and  storing  them  in  an  operational  system.  The  detection  and  Mapping  package  is  ideally 
suited  to  assist  the  project  due  to  its  many  operational  characteristics. 
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REMOTE  SENSING  APPLICATIONS  W-19 

IN  WATER  RESOURCES  MANAGEMENT 
BY  THE  CALIFORNIA  DEPARTMENT  OF 
WATER  RESOURCES 


By  Barry  Brown,  California  Department  of 
Water  Resources,  Sacramento,  California 


ABSTRACT 


N76-17606 


For  nearly  30  years  the  California  Department  of  Water  Resources 
has  been  using  remote  sensing  techniques  in  all  phases  of  planning,  con- 
structing and  operating  various  features  of  the  California  Water  Plan. 

Most  of  this  experience  has  been  with  low  altitude  aerial  photography. 
Recently  the  Department  has  initiated  a program  to  evaluate  possible 
applications  of  imagery  from  high  altitude  aircraft  and  satellite 
sensors.  Results  from  seven  applications  studies  comparing  the  costs 
of  using  high  altitude  imagery  for  various  purposes  to  the  costs  of  using 
conventional  data  sources,  reveal  the  high  altitude  imagery  to  be  more 
cost  effective  in  six  cases  and  equal  to  conventional  data  sources  in 
one  case.  These  results  also  reveal  that  the  imagery  provides  a level  of 
quality  not  generally  achievable  with  uncorrected  conventional  imagery. 
Although  satellite  application  studies  are  not  yet  complete, 
preliminary  results  indicate  that  some  definite  possibilities  exist  for 
employing  satellite  imagery  on  an  operational  basis  within  the  next  few 
years. 


INTRODUCTION 


The  Department  of  Water  Resources  has  long  recognized  the  value 
of  remote  sensing  for  water  resource  development  and  management.  For 
nearly  3 decades  it  has  been  using  low  altitude  aircraft  imagery  of 
various  types  for  inventorying  and  monitoring  land  features  and  water 
supply  and  use  conditions  over  large  areas  of  the  state.  Data  obtained 
has  been  used  in  evaluating  regional  water  use  trends  and  in  periodically 
reassessing  the  need  for,  location,  size  and  uses  of  proposed  water 
facilities. 


While  most  of  the  conventional  remote  sensing  applications  that 
we  have  found  are  not  new,  what  makes  the  Department's  experience  unique 
is  the  diversity  of  applications  within  a single  agency.  This  diversity 
has  come  about,  first,  because  of  the  magnitude  of  planning  for  statewide 
distribution  of  water  brought  about  by  the  State's  size  and  maldistribution 
of  waters.  Secondly,  many  remote  sensing  applications  have  resulted  from 
special  problems  created  by  climate,  topography  and  the  fact  that  water 
resources  management  involves  consideration  of  water  resources  underground, 
on  the  surface  and  in  the  atmosphere.  A third  factor  that  has  involved  the 
Department  in  a greater  variety  of  remote  sensing  activities  than  most 
other  agencies  is  the  fact  that  this  nearly  30-year  period  of  involvement 
has  encompassed  planning,  constructing,  and  operating  phases  of  the 
California  Water  Plan. 


In  more  recent  times,  a major  factor  that  has  influenced  our 
remote  sensing  activities  has  been  the  need  to  protect  and  enhance  our 
environment.  Water  and  related  land  use  planning  is  considered  by  many 
as  the  key  to  this  type  of  function.  Planning  for  water  management  is 
seen  as  particularly  important  because  of  (1)  the  direct  impact  which 
water  development  projects  have  upon  the  environment,  and,  (2)  the 
indirect  impact  of  such  projects  upon  the  social  and  economic  well  being 
of  our  society.  The  Department  recognizes  its  responsibility  to  minimize 
adverse  environmental  Impacts  and  is  seeking  new  ways  of  evaluating 
envi  -'onmental  factors . 

While  conventional  remote  sensing  and  other  data  gathering 
techniques  have  proved  adequate  for  most  purposes,  we  have  recognized  for 
many  years  a number  of  shortcomings  in  the  ability  of  the  techniques  to 
rapidly  inventory  or  monitor  land  use  and  cover  conditions  over  large 
areas.  Because  we  believe  that  high  altitude  and  satellite  imagery  in 
many  cases  will  permit  us  to  do  this,  we  have  undertaken  a number  of 
projects  to  explore  their  potential. 


SCOPE 


The  remote  sensing  applications  studies  undertaken  by  the 
Department  are  summarized  in  Table  1.  The  table  distinguishes  between 
those  applications  that  have  been  subjected  to  a qualitative  evaluation 
and  those  that  have  received  a quantitative  assessment.  In  the  eight 
cases  involving  the  use  of  high  altitude  imagery  exclusively,  the 
quantitative  evaluation  has  consisted  of  a cost  effectiveness  comparison 
with  conventional  imagery  and  a discussion  of  quality  factors.  Seven  of 
the  eight  studies  and  the  satellite  studies  are  reported  on  in  this 
paper. 


The  satellite  studies  have  Just  been  initiated  and  no  signifi- 
cant results  are  yet  available  The  discussion  in  the  text  briefly 
describes  test  objectives  and  plans  for  implementing  them. 


APPLICATIONS  STUDIES 


In  spite  of  the  general  recognition  by  Department  investigators 
that  high  altitude  and  satellite  imagery  are  potentially  valuable!  planning 
aids,  the  process  of  getting  them  involved  in  evaluation  studies  has  been 
a slow  one.  This  hesitancy  has  been  partly  attributable  to  a basic 
reluctance  to  take  on  something  new  when  the  old  techniques  have  worked 
well  enough.  However,  probably  a bigger  factor  has  been  the  lack  of 
special  funding  for  application  studies,  making  it  necessary  to  carry  out 
the  studies  in  conjunction  with  budgeted  work.  Program  managers  felt  that 
investigative  and  reporting  requirements  would  be  more  demanding  than  their 
programs  could  support. 

To  overcome  these  problems,  study  personnel  were  asked  to  report 
only  on  the  apparent  advantages  the  imagery  appeared  to  offer  over  conven- 
tional data  gathering  techniques.  This  approach  placed  few  demands  on  the 
study  participants  and  was  successful  in  stimulating  interest  in  the 
program. 


The  subjective  evaluation  comments  by  study  personnel  were  useful 
in  that  they  clearly  revealed  many  potential  applications  and  provided  ample 
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justification  for  a second  level  of  analysis--one  aimed  at  comparing  costs 
of  data  acquired  from  high  altitude  or  satellite  imagery  to  costs  of  data 
acquired  from  conventional  data  sources. 

Some  preliminary  results  of  such  cost  effectiveness  comparisons 
are  discussed  in  the  following  sections.  A third  level  of  analysis 
(benefit -cost)  may  be  attempted  in  the  future  for  flood  or  flood  related 
problems  where  imagery  benefits  can  be  clearly  Identified. 


COST  EFFECTIVENESS  COMPARISONS 


The  cost  effectiveness  comparisons  were  carried  out  by  a team 
of  department  economists  who  interviewed  study  participants.  The  informal 
subjective  comments  from  the  level  one  analysis  were  used  as  the  starting 
point  for  these  interviews.  All  data  and  important  comments  generated  by 
the  interviews  were  systematically  recorded,  evaluated,  and  vihere  necessary 
corrected.  The  corrected  data  were  then  used  to  develop  cost  ratios.  The 
ratios  for  the  seven  applications  reported  on  are  summarized  in  Table 

Cost  data  for  each  application  are  summarized  in  twc  tables,  one 
for  high  altitude  and  associated  data  and  one  for  conventional  imagery  and 
associated  data.  Nonquant if iable  aspects  of  the  applications  are  summariz- 
ed in  the  text.  Those  costs  associated  with  the  use  of  high  i.ltitude 
imagery  and  conventional  data  sources  are  presented  in  Tables  3 and  4, 
respectively. 

In  making  cost  comparisons  all  costs  were  considered  except 
flight  costs  of  the  high  altitude  aircraft.  It  was  assumed  tdat  these 
costs  would  continue  to  be  boi'ne  by  federal  agencies  and  that  imagery 
obtained  would  continue  to  be  available  at  current  rates. 

No  costs  were  incurred  in  training  study  personnel;  the  various 
disciplines  involved  were  adequately  trained  in  the  basics  of  imagery 
inteirp  rotation. 


HIGH  ALTITUDE  IMAGERY  APPLICATIONS 


Detecting  Possible  Water  Bearing  Areas 


Introduction. - This  application  compared  the  costs  of  using  13-2 
versus  available  conventional  imagery  in  locating  geologic  indicators 
of  possible  water  bearing  areas  (primarily  lineaments)  in  a water  deficit 
area  of  approximately  400  square  miles  surrounding  the  Sier-a  Nevada 
foothill  community  of  Plymouth.  The  city  requested  the  sea  -ch  to  help 
decide  if  a study  should  be  made  of  the  feasibility  of  developing  local 
ground  water  to  alleviate  a water  shortage  problem. 

Both  kinds  of  imagery  revealed  the  presence  of  u snapped  linea- 
ments in  the  area  which  could  be  due  to  fractures  or  faults  which  might 
be  water  bearing  areas.  Although  these  results  were  sufficient  to  justify 
a feasibility  study,  the  city  decided  not  to  conduct  the  study  for  other 
reasons. 


2533 


i 


Procedure. - For  this  study  9"  x 9"  1:130,000  scale  color  infrared 
(CIR)  positive  transparencies  obtained  by  U-?  aircraft  were  used.  The 
conventional  photos  used  were  standard  panchromatic  9"  x 9"  1:??0,000 
scale  contact  photos.  Because  no  funds  were  available  for  field  work, 
the  application  study  was  carried  out  by  Imagery  interpretation  alone. 

The  focus  of  the  study  on  lineaments  as  indicators  of  water 
bearing  areas  severely  limited  the  usefulness  of  the  low  elevation  black 
and  white  contact  photos.  The  small  coverage  and  great  detail  made  it 
virtually  impossible  to  detect  lineaments  on  single  photos.  To  over- 
come this  problem,  the  contact  prints  were  mosaicked  together  into  two 
separate  panels  with  each  covering  approximately  the  same  area  as  a U-? 
photo.  The  mosaics  were  then  photographically  reduced  to  \3-P.  scale,  for 
the  study. 


Data  processing  was  not  Included  as  a cost  since  it  consisted 
only  of  marking  unmapped  lineaments  on  the  photos  and  transferring  to  the 
base  maps,  a process  that  required  but  a few  minutes. 

Cost  effectiveness  comparison.-  The  detailed  U costs  are 
presented  in  T-ible  ^a  and  those  associated  with  conventional  imagery 
are  found  in  Table  5a.  These  data  are  summarized  below. 


Acquiring  Data  Sources 
Data  Collection/Interpretation 
-Data  Processing 


Totals 


Cost  Ratio 


Discussion. - Unmapped  lineaments  could  be  detected  on  both 
photo  formats  but  were  Interpreted  with  less  confidence  on  the  mosaics 
because  of  confusion  created  by  photo  match  lines.  The  mosaic  also 
was  found  to  be  less  useful  than  the  CIR  U-?  photos  in  revealing  vegetative 
anomalies  associated  with  lineaments.  This  was  partly  due  to  the  sham^r 
ground- vegetation  contrasts  that  existed  on  the  CIR  film.  It  also 
■^robably  was  partly  due  to  the  poorer  resolution  of  the  mosaic  In  going 
tnrough  two  more  reproduction  steps  than  the  U-?  imagery  and  ia  being 
on  a poorer  resolving  medium  (paper)  than  the  CIR  film. 

The  very  large  relative  cost  savings  realized  in  using  the  U-^ 
photos  resulted  from  not  having  to  prepare  photo  mosaics. 


1 Cost  Comparison  (dollarsll 

urp 

Conventional 

CIR 

Panchromatic 

55 

873 

09 

73 

903 



1.0 

Urban  Boundary  Delineation 


Introduction. - The  costs  of  mapping  approximately  5,800  square 
miles  of  urban  areas  10  acres  in  size  or  larger  in  the  cities  of  Los 
Angeles,  Dan  Diego,  Santa  Barbara,  and  Ventura  and  in  the  Upper  Santa 
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Ana  drainage  using  U-?  imagery  were  compared  to  the  costs  of  doing  the 
mapping  with  specially  flown  conventional  imagery.  The  mapping  of  urban 
areas  was  done  as  a preliminary  step  in  mapping  prime  agricultural  lands 
adjacent  to  urban  centers. 

Procedure. - U-?  9"  x 9"  1:130,000  scale  CIR  transparencies  were 
used  in  the  study.  In  the  absence  of  complete  or  current  available  imagery, 
a decision  was  made  to  fly  the  area  with  35  mm  color  film. 

The  U-2  transparencies  were  vertically  projected  onto  1:6^5,500 
scale  base  maps  and  urban  areas  delineated  on  them.  The  35  mm  color 
slides  were  projected  onto  a screen  and  urban  areas  visually  translated 
to  the  1:62,500  base  maps. 

Processing  of  the  data  was  not  a cost  factor  since  the  maps 
showing  the  urban  areas  were  all  that  the  agency  requesting  the  information 
wanted . 


Cost  effectiveness  comparison.-  Detailed  costs  are  presented  in 
Table  3b  for  the  imagery  and  in  Table  4b  for  the  conventional  imagery. 
These  data  are  summarized  below. 


-Acquiring  Data  Sources 
-Data  Collection/Interpretation 
-Data  Processing 


Totals 


Cost  Ratio 


Discussion. - The  two-fold  greater  cost  associated  with  using 
35mm  color  transparencies  was  due  primarily  to  the  fact  that  it  took  a 
week  to  fly  the  area  and  a week  to  index  the  slides.  Total  man-hours 
for  photographer,  navigator,  and  personnel  to  index  the  photos  amounted 
to  128  hours  alone.  Rental  costs  for  airplane  and  pilot  were  the 
equivalent  of  approximately  172  additional  man  hours. 

In  Interpreting  the  photos  it  was  observed  that  locating  the 
boundary  between  contiguous  urban  and  small  agricultural  areas  was 
accomplished  more  easily  on  the  U 2 CIR  photos  than  on  the  color  slides. 
Thit  apparently  was  due  to  a greater  contrast  between  the  urban  and  agri- 
cultural areas  than  on  35mm  color  slides.  On  the  other  hand,  35nim 
photos  generally  were  more  useful  for  delineating  urban  areas  from  areas 
covered  by  native  vegetation. 

The  comparison  of  the  two  film  formats  also  revealed  that  the 
U ^ transparencies  provided  a more  uniform  scene  rendition  than  the  35mm. 
The  U-'^  imagery  was  flown  in  less  than  an  hour  while  the  35mm  took  a week 
to  fly.  As  a result  considerable  variation  in  sun  glare,  atmospheric 
conditions,  etc.,  were  noted  on  the  35mm  that  were  not  apparent  on  the 
U 2 imagery. 
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A minor  disadvantage  noted  In  using  the  35jmn  photos  was  the 
visual  translation  of  urban  area  boundaries  onto  the  base  maps. 


Land  Use  Updating  - Coachella/Imperlal  Valleys 


Introduction. - Costs  of  using  U-2  imagery  to  update  broad  land 
use  categories  over  approximately  500  square  miles  of  the  Imperial  and 
Coachella  Valleys  were  compared  to  costs  of  using  available  commercial 
panchromatic  photos.  The  revised  land  use  data  were  needed  for  a coopera- 
tive local -state  federal  study  of  the  Salton  Sea  and  for  a comprehensive 
water  quality  plan  being  prepared  for  the  desert  basins. 

Procedure. - The  U-2  imagery  used  was  1:130,000  scale  9"  x 9" 

CIR  positive  transparencies.  The  transparencies  were  projected  onto 
sepia  prints  at  1:24,000  scale  containing  an  earlier  land  use  pattern. 
Changes  in  urban  Irrigated  and  nonirrlgated  cropland  and  recreational 
boundaries  were  then  interpreted  and  Inked  on  the  maps.  The  available 
panchromatic  photography  was  9”  x 9”  contact  prints  at  a scale  of  1:24,000. 
These  photos  were  evaluated  In  the  same  manner  as  were  the  U-2  photos. 

Both  sets  of  maps  were  then  taken  to  the  field  and  delineations 
spot  checked  and  missing  data  filled  in.  Sepia  prints  were  obtained  from 
these  revised  maps  and  land  use  acreage  values  derived  by  the  cutting 
and  weighing  technique  and  the  use  of  a computer. 

Cost  effectiveness  comparison.-  Detailed  costs  associated  with 
using  the  2 and  panciiromatlc  photography  are  presented  in  Tables  3c 
and  4c  respectively.  These  data  are  summarized  below. 


-Acquiring  Data  Sources 
-Data  Collectlon/Interpretatlo.i 
-Data  Processing 


Totals 
Cost  Ratio 


[Cost  Comparison  ( dollars U 

Conventional 

CIR 

Panchromatic 

296 

262 

1,442 

1,80'’ 

701 

7'’! 

2.459 

2,785 

1.1 

1.0 

Discussion. - Both  types  of  imagery  were  satisfactory  for 
accomplishing  the  mapping  task.  The  13^  higher  cost  of  using  the  conven- 
tional panchromatic  film  was  due  primarily  to  the  additional  time 
required  to  handle  80  rather  than  IP  U-2  photos.  This  cost  was  partly 
offset  by  the  higher  ccjt  of  the  CIR  U-2  photos. 

The  mapping  done  using  the  small  scale  U-2  imagery,  surprisingly, 
was  as  good  as  or  better  than  that  done  using  the  large  scale  panchromatic 
photos.  Although  no  attempt  was  made  to  quantify  the  accuracy  of  the 
interpreted  data,  the  general  observation  was  that  Ir. igated  cropland 
was  more  easily  and  more  accurately  mapped  on  the  CIR  imagery.  Urban 
boundaries  could  be  delineated  equally  well  on  both  types  of  imagery. 
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Land  Use  Updating  - Coastal  Los  Angeles  County 


Introduction. - This  study  was  designed  to  compare  costs  of  using 
\}-P.  versus  conventional  panchromatic  photography  in  updating  major  land  use 
types  within  the  coastal  Los  Angeles  region,  an  area  of  more  than  l800 
square  miles.  The  information  was  needed  to  verify  the  adequacy  of  a land 
use  survey  by  th€'  Los  Angeles  City  Planning  Commission,  to  update  *>.eir 
data  where  necessary,  and  to  split  out  certain  of  their  categories  to  bring 
them  into  conformance  with  the  Department's  classification  system. 

Procedure. - For  this  study  1:3^>500  scale  9”  x l8"  CIR  U-? 
Dositive  transparencies  were  compared  against  1:P^,000  scale  commercial 
panchromatic  9’'  x 9"  contact  prints.  Both  sets  of  photography  were 
projected  onto  sepia  prints,  interpreted  and  field  checked  in  the  same 
manner  as  described  for  the  desert  study  (previous  section). 

Cost  effectiveness  comparison. - Detailed  costs  associated  with 
using  the  UP  and  panchromatic  photography  are  presented  in  Tables  3d 
and  4d  respectively.  These  data  are  sximmarized  below. 


-Acquiring  Data  Sources 
■Data  Collection/Interpretation 
•Data  Processing 

Totals 


t Comp a r 

ison  (dollars 

UP 

fconventiona 

CIR 

Panchromatic 

p,4P3 

513 

l'’,lS4 

14, 070 

10,„’15. 

10.P15 

'’4.01'^ 

■’b.OOO 

Cost  Ratio 


1.0  t 1.0 


Discussion. - Both  sets  of  photos  adequately  satisfied  study 
mapping  requiremenis . The  parity  reflected  in  the  cost  comparisons  is 
surprising  considering  that  the  1:3'’, 500  scale  U-p  photos  cost  almost 
five  times  that  of  the  panchromatic  photos.  This  cost  was  offset  by 
the  time  saved  in  handling  6?  percent  fewer  photographs.  The  cost 
ratio  does  not  reflect  the  fact  that  the  CIR  U-"^  imagery  has  greater 
utility  for  a variety  of  mapping  purposes  tnen  the  black  and  white 
imagery.  As  a result,  it  is  expected  to  become  relatively  more  cost 
effective  with  time  as  other  uses  are  found  for  it. 

Some  of  the  minor  disadvantages  in  using  this  imagery  (which 
also  slightly  increase  its  cost)  is  in  having  to  cut  the  roll  film  into 
the  9"  X l8"‘  images  and  protect  with  a clear  plastic  cover  in  order  to 
use  in  an  overhead  projector.  Also  the  9"  x l8"  format  created  storage 
problems  and  resulted  in  rougher  handling  and  consequently  more  photo 
damage  than  experienced  with  the  contact  panchromatic  photos. 

A mapping  task  which  could  not  be  accomplished  as  well  on  the 
CIR  U ? imagery  as  on  the  black  and  white  was  the  separating  of  urban 
areas  from  areas  of  native  vegetation.  This  same  condition  also  was 
observed  in  the  urban  boundary  study  except  that  color  imagery,  rather 
than  black  and  white  imagery,  provided  the  greater  contrast. 


I 


Watershed  Characterization 


Introduction. - The  costs  of  using  U-2  imagery  for  extracting 
a variety  of  resource  conditions  in  the  Van  Duzen  River  watershed  in  the 
north  coastal  area  of  California  were  compared  to  the  costs  of  using 
conventional  panchromatic  photos  for  such  mapping.  The  Department,  in 
cooperation  with  the  Planning  Department  of  Humboldt  County,  undertook 
an  environmental  mapping  study  of  over  430  square  miles  of  the  watershed 
as  a preliminary  step  in  developing  a management  plan  icr  the  river. 

Land  features  of  Interest  were  new  roads,  vegetative  types,  land  uses, 
river  characteristics,  structures,  etc. 

Procedure. - The  Imagery  used  in  the  study  was  1:3?, 500  scale 
9"  X l8"  cTh  U-?  iransparencies  and  commercial  1:1?, 000  panchromatic 
9"  X 9”  contact  prints  flown  for  Humboldt  County.  In  addition,  35mm  color 
slides  of  the  upper  60^6  of  the  watershed  were  taken  as  an  aid  in  inter- 
preting data  from  both  sets  of  imagery.  The  U-'^  transparencies  were 
projected  onto  1:?4,000  scale  base  maps  and  the  various  land  features 
delineated  on  them.  The  1:1?, 000  scale  panchromatic  pnotos  were  similarly 
projected  onto  the  base  maps.  The  35  color  imagery  was  projected  onto  a 
screen  and  uscl  to  develop  signatures  for  various  land  features  on  both 
photo  sets  and  to  help  make  mapping  decisions  in  complex  areas.  Approxi- 
mately two  hours  of  field  checking  the  interpreted  data  was  done  for  each 
base  map  (approximately  6'^  square  miles). 

Data  processing  consisted  of  preparing  from  the  work  maps  a 
complete  set  of  maps  for  publication. 

Cost  effectiveness  comparison.-  Costs  associated  with  using 
the  U-2  and  panchromatic  photos  are  detailed  in  Tables  3e  and  4e  respective- 
ly. These  data  are  summarized  below. 


•Acquiring  Data  Sources 
Data  Collf'  tion/Interpretation 
-Data  Processing 

Totals 


Cost  Ratio 


1 Cost  Corapailson  (dollars  1 

Conventional 

CIR 

Panchromatic 

3,348 

3,39? 

1,53^ 

1,981 

ogo 

695 

5,170 

6,o68 

!.'■ 

: 1.0 

Discussion. - The  ’0  percent  higher  costs  associated  witn  the 
use  of  panchromatic  photos  was  due  almost  entirely  to  the  extra  time 
involved  in  handling  550  photos  compared  to  30  U photos.  Most  of  this 
handling  time  consisted  of  projector  adjustments  to  normalize  photo  scale 
to  map  fcale.  Because  the  study  was  carried  out  in  an  area  with  much 
contra s"ing  relief,  it  v;as  not  un'^ommon  to  make  several  adjustments  per 
photo.  In  using  the  U-?  photos,  seldom  was  it  necessary  to  make  further 
adjustments  after  the  initial  photo-man  match. 

Also  adding  to  the  difficulty  of  using  the  contact  prints  was 
the  considerable  image  fall-off  around  the  photo  edges  which  reduced  the 
useable  area  of  the  Photo  and  further  increased  handling  ( interpretation) 
time.  This  was  not  a problem  with  the  U ^ photos  where  scale  appeared 
unifo.Tn  and  free  of  distortion  throughout. 


Another,  although  minor,  advantage  of  the  U-2  imagery  became 
apparent  in  areas  vfith  few  landmarks  to  which  the  photos  could  be  oriented. 
The  greater  areas  covered  by  the  U-2  photos  provided  more  opportunities 
for  locating  landmarks  and  for  reducing  the  handling  time. 

A major  disadvantage  of  the  U-2  imagery  was  the  variability 
in  quality.  Images  varied  from  washed  out  to  overly  saturated  and  many 
exhibited  light  fall-off  around  the  edges.  As  a result,  the  35mm  colcr 
transparencies  had  to  be  used  on  occasion  to  help  interpret  land  features. 

Except  for  the  35mm  use  just  discussed,  the  35mm  color  slides 
generally  were  not  of  much  value  as  a supplemental  aid  to  either  the 
U 2 or  black  and  white  photos.  The  severe  relief  and  low  altitude 
of  exposure  (5,000  feet  above  mean  ground  elevation)  combined  to  provide 
so  much  image  distortion  as  to  moke  them  virtually  useless  for  accurately 
locating  boundaries.  Even  at  twice  the  altitude,  the  usefulness  of  the 
imagery  for  this  purpose  would  be  questionable.  The  exception  would  be 
the  relatively  flat  areas  along  the  river  where  such  imagery  could  be 
used  uo  good  advantage. 


Waterway  Mapping 


Introduction.  The  costs  of  using  U-2  imagery  for  preparing  a 
map  of  the  feel  River  delta  in  northern  California  were  compared  to  the 
costs  of  using  35mm  color  photos.  The  new  map  was  desired  by  fish  and 
game  specialists  evaluating  wildlife  habitat  in  the  area  for  the  Department. 

Procedure. - Two  1:32,500  scale  9"  x l8"  CIR  U-2  transparencies 
were  used  for  the  study.  In  the  absence  of  current  conventional  photo- 
graphy, 35mm  color  transparencies  were  obtained  of  the  area  from  an  eleva 
tion  of  approximately  7,000  feet.  The  U-2  transparencies  were  vertically 
projected  onto  a 1:24,000  scale  USGS  quadrangle  and  changes  in  the  water- 
ways posted  to  the  map.  The  35mm  slides  were  horizontally  projected  onto 
a wall-mounted  base  map  and  changes  posted.  No  field  work  was  required 
for  either  technique.  Data  processing  in  each  case  consisted  of  drafting 
the  corrected  map  onto  a clean  base,  hand  coloring  and  obtaining  photo- 
graphic reproductions. 

Cost  effectiveness  comparison.-  Tables  3f  and  ^f  include  the 
detailed  costs  of  using  the  U-2  and  5^mm  imagery,  respectively.  These 
data  are  summarized  below. 


-Acquiring  Data  Sources 
-Data  Collection/Interpretation 
-Data  Processing 

Totals 


Cost  Ratio 


Discussion. - Both  film  formats  proved  satisfactory  for  accom- 
plishing the  study  purpose.  However,  the  much  greater  cost  of  acquiring  the 
35mm  color  slides  probably  would  rule  out  this  alternative  in  most  cases. 
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1 Cost  Comparison  ( dollars)! 

U 2 

Conventional 

CIR 

35mm  Color 

39 

890 

'^85 

'^85 

37U 

1.175 

li- 

: 1.0 

One  of  the  side  benefits  noticed  in  using  the  U-?  CIR  film  was 
its  ability  to  more  sharply  depict  the  water-land  interface  than  was 
possible  with  the  color  film.  This  advantage,  while  noticeable  during 
the  interpretation  phase,  had  no  appreciable  effect  on  the  accuracy  of 
the  finished  maps. 


Flood  Damage  Assessment 


Introduction. • The  costs  of  using  U-2  imagery  for  mapping  flood 
damage  in  Sutte  Basin  in  the  center  of  the  Sacramento  Valley  were  compared 
to  the  costs  using  specially  flown  commercial  panchromatic  film.  The  data 
was  needed  in  anticipation  of  flood  damage  litigation. 

Procedure.  - The  U imagery  selected  was  a single  9"  x l8" 
1:??,5'''0  scale  CIR  transparency.  The  conventional  imagery  was  specially 
flown  1:24,000  scale  panchromatic  photos. 

In  order  to  delineate  flooded  or  flood  damaged  areas  on  the  U-2 
photo,  it  was  necessary  to  enlarge  it.  One  half  of  the  photo,  which 
adequately  covered  the  basin,  was  photographically  enlarged  to  1:24,000 
scale.  Delineations  were  accomplished  right  on  the  image  without  any 
field  checking.  The  9"  x 9"  1:24,000  scale  black  and  white  photos  were 
taken  to  the  field  by  survey  crews  and  used  for  locating  damaged  areas  and 
for  recording  the  damages.  The  data  on  the  photos  were  then  transferred 
to  a set  of  1:24,000  scale  base  maps. 

Cost  effectiveness  comparison. - The  detailed  costs  of  using 
the  U-2  photo  are  inclucled  in  Table  3g;  Table  4g  includes  the  costs  for 
using  the  panchromatic  film.  These  data  are  summarized  below. 


Acquiring  Data  Sources 
-Data  Collection/Interpretation 
-Data  Processing 

Totals 


Cost  Ratio 


Discussion. - Because  of  the  importance  of  precisely  locating 
flood  boundaries  for  litigation  purposes  and  because  timely  conventional 
imagery  is  usually  uncontrolled  and  not  suitable  for  this  purpose,  the 
traditional  technique  has  been  to  send  survey  crews  out  within  a couple  of 
days  of  a flood  to  survey  the  boundaries.  As  the  cost  figures  demonstrate, 
this  is  an  expensive  procedure. 

The  comparison  of  field  survey  results  with  the  results  achieved 
by  interpreting  the  enlarged  U-'^  image  revealed  essentially  no  difference  in 
the  boundaries.  In  fact,  boundaries  that  could  not  be  clearly  located  on 
the  conventional  photos  or  by  the  survey  crews  because  of  difficult  access 
or  other  reasons  often  were  visible  on  the  U-2  photos.  Some  of  this  capa- 
bility is  due  to  the  greater  sensitivity  of  CIR  film  to  subtle  soil 
moisture  and  vegetative  conditions.  However,  the  greater  uniformity  and 
integrity  cf  the  U 2 image  compared  to  the  1::’4,000  scale  photos  also 
appeared  to  contribute  to  its  greater  usefulness. 
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[Cost  Comparisons  ( dollars)! 

Conventional 

CIR 

Panchromatic 

143 

937 

433 

5,688 

088 

576 

6,913 

I'^.O 

1.0 

Although  no  attempt  was  made  to  quantify  the  accuracy  of  the 
two  mapping  schemes,  the  results  indicate  that  flood  damage  mapping  on 
U-2  imagery  of  the  flat  Central  Valley  may  be  done  with  sufficient 
accuracy  to  eliminate  much  of  the  need  for  field  survey  data. 

Another  advantage  noted  in  using  the  U 2 image  was  that  it 
provided  an  instant  view  of  the  entire  Butte  Basin.  By  contrast,  the 
collective  view  of  the  many  panchromatic  photos  covers  an  elapsed  time  of 
about  an  hour,  the  time  required  to  fly  them.  It  was  felt  that  this  unique 
capability  might  prove  useful  in  some  rare  instance  in  insuring  against 
confusion  as  to  the  sequence  of  flood  events  that  could  result  if  a 
significant  event  were  to  occur  at  some  unknown  time  durinq  the  photo 
flight  mission.  An  instant  view  might  not  be  as  likely  to  raise  such 
questions. 


SATELLITE  IMAGERY  APPLICATIONS 


In  contrast  to  the  high  altitude  imagery  applications  which  the 
Department  has  been  able  to  evaluate  with  existing  equipment,  materials  and 
expertise  under  on-going  programs,  the  satellite  imagery  applications  of 
interest  to  the  Department  cannot  be  fully  explored  with  existing  resources. 
For  this  reason  we  are  relying  on  the  research  community  to  assist  us 
in  such  studies. 

The  nature  of  this  research  assistance  is  quite  varied  including 
a nonfunded  student  project,  informal  and  formal  cooperative  agreements 
with  a number  of  university  researchers,  a fully  funded  NASA  project,  and 
a partially  funded  NASA  project  Involving  a private  research  institute. 

Only  the  formal  studies  are  reported  here. 

Some  of  the  informal  cooperative  studies  have  been  going  on  for 
over  three  years  but  the  formal  studies  have  Just  been  initiated.  The 
discussions  below  report  on  the  status  of  the  formal  studies  and  the 
Department's  experience  in  preparing  a photo  mosaic. 


Irrigated  Lands  Study 


This  is  a NASA-funded  LAMDSAT-2  (earth  resources  satellite) 
study  with  the  University  of  California  acting  as  the  contractor.  The 
experiment  will  investigate  the  feasibility  of  using  LANDSAT-2  imagery  • 
for  inventorying  and  monitoring  irrigated  lands  in  California.  The  Remote 
Sensing  Research  Program  of  the  University  of  California,  working  through 
the  University's  Space  Sciences  Laboratory  and  in  cooperation  with  the 
Department  of  Water  Resources,  will  investigate  the  extent  to  which  the 
desired  data  can  be  extracted  from  the  LANDSAT-2  imagery,  supplemented 
with  supporting  aircraft  and  ground  information. 

The  primary  object  of  the  research  is  the  development  of  an 
operationally  feasible  process  whereby  la:josat-2  satellite  imagery  can 
be  used  to  provide  periodic  irrigated  land  acreage  statistics  for  the 
whole  state  and  for  individual  counties.  In  order  to  fulfill  this  objective, 
the  investigation  will  necessarily  involve  the  development  of  efficient 
techniques  for:  (1)  interpreting  sequential  imagery  covering  an  area  of 
over  10  million  acres,  (?)  sampling  this  area  through  the  use  of  satellite 
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Imagery,  supporting  aerial  photography,  and  ground  data,  (3)  converting 
the  Interpretation  results  into  useable  statistics,  and  (4)  evaluating 
the  end  product  in  terms  of  the  costs  and/or  resources  required  for  its 
acquisition,  and  also  in  terms  of  its  accuracy  and  timeliness. 

The  project  is  still  in  its  formulative  stage.  Several  meetings 
have  been  held  with  the  research  personnel  to  design  the  sampling  network, 
develop  processing  techniques,  assign  ground  data  collection  responsi- 
bilities, etc. 


Hnow  Cover  Observations 


This  is  a fully  funded  NASA  investigation  with  the  Department 
acting  as  the  contractor.  It  is  a 5-yenr  study  designed  to  develop  an 
operational  program  for  incorporating  satellite  observations  of  snow 
cover  into  the  f^drologic  forecasting  program  of  the  Department. 

Imagery  from  two  satellite  systems  (LA.NDSAT  and  NOAA*)  and  U-'-'’ 
overflights  will  be  combined  with  ground  data  during  the  data  reduction 
and  analysis  phases.  This  program  also  is  in  its  early  stages  with  no 
results  yet  to  report. 


Water  Quality  Study 


This  is  an  l8-month  NASA  study  involving  the  Department,  the 
State  Water  Resources  Control  Board  and  the  Stanford  Research  Institute 
(SRI),  a private  corporation.  The  Department  is  the  contractor. 

The  objective  of  this  investigation  is  to  determine,  by  syste- 
matic analysis,  the  choices  of  aerial  observation  systems  and  surveillance 
altitudes  which  are  most  likely  to  detect  distinct  classes  of  water 
quality  problems.  Water  quality  data  and  imagery  obtained  from  LANDSAT 
and  high  altitude  aircraft  will  be  compared  with  new  ground  truth  and 
existing  data  to  determine  the  relative  value  of  information  collected 
by  each  mode  of  remotely  sensed  data.  The  investigation  will  involve 
two  sites,  the  Ran  Francisco  Bay-Delta  area  and  the  Lake  Tahoe  area. 

Most  of  the  analysis  work  will  be  done  by  the  Stanford  Research 
Institute  using  a complex  of  electronic  devices  collectively  termed  an 
"Flectronic  Satellite  Image  Analysis  Console".  Department  personnel 
will  work  closely  with  SRI  personnel  during  the  analysis  phase.  The 
Department  and  the  State  Water  Resources  Control  Board  will  share  equally 
in  ollecting  the  ground  data  needed  by  SRI. 


*NOAA  - A weather  satellite  used  by  the  National  Oceanic  and  Atmosoheric 
Administration. 
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Coior  Infrared  Photo  Mosaic  of  California 


Alttic’igh  not  really  a research  effort,  the  preparation  of  a CIR 
photo  mosaic  oj  the  State  was  our  first  real  Involvement  in  using  satellite 
imagery.  The  apartment  prepared  the  mosaic  for  educational  and  display 
purposes.  Tt  aas  received  wide  distribution  both  inside  and  outside  of 
the  Departmen'  and  has  proved  to  be  a very  effective  device  for  stimu- 
lating lntere.it  in  remote  sensing  capabilities. 

The  technique  used  for  enhancing  the  3?  tANDSAT-]  images  that 
made  up  the  mot'alc  was  to  triple-expose  bands  h,  5,  and  7 (one  at  a time 
with  its  appropriate  colored  filter)  on  a single  frame  of  colored  film. 
Positive  9*5"  : 9.5"  transparencies  were  selected  for  the  project  and 
photographed  w th  an  8"  x 10"  copy  camera  on  a 1:1  basis.  Densitometer 
readings  of  tn  gray  scale  of  each  image  were  taken  to  set  exposure. 

This  procedure  produced  color  prints  which  could  be  mosaicked 
together  -rithout  any  additional  adjustments.  No  problems  were  experienced 
in  matchirg  the  prints  to  a 1:1,000,000  scale  state  base  map. 

The  niajor  problem  encountered  was  an  inability  to  produce  a 
true  gray  scale  on  the  color  print.  The  gray  scale  was  desired  so  that 
continuity  of  color  hue  could  be  maintained  on  images  of  a particular 
orbit.  This  problem  was  due  to  a number  of  factors  but  primarily  to 
inexperience  and  will  be  resolved  with  time. 


CONCLUSIONS 


Th . California  Department  of  Water  Resources  has  been  and  plans 
to  remain  an  active  parti  :..pant  in  the  investigation  of  remote  sensing 
capabilities.  Our  initial  interest  in  the  technology  of  "new  remote 
sensing"  naturally  developed  from  an  implied  organisational  dictum  to 
continually  seek  new  ways  of  acquiring  more,  as  well  as  better  data, 
preferably  at  no  Increase  in  cost  and  hopefully  at  less.  This  initial 
Interest  was  heightened  by  the  gradual  realir.ation  on  our  part  that  high 
altitude  and  space  imagery  also  might  permit  us  to  acquire  certain  kinds 
of  data  which  we  have  had  a long-time  interest  in  but  which,  up  to  now,  we 
have  considered  either  impossible  or  Impracticable  to  collect. 

Our  vicarious  inolvement  in  this  new  art-science  has  now  given 
way  to  active  involvement.  With  some  experience  now  behind  us  in  testing 
remote  sensing  capab’ ’ ivies  and  in  reviewing  the  work  of  others,  we  are 
beginning  to  replace  our  uncertainty  about  this  new  planning  tool  with 
knowledge  of  some  ;.ositlve  benefits. 

One  ( these  benefits,  as  shown  by  our  U-'b  cost  effectiveness 
comparisons  rcoorted  here,  is  the  substantial  savings  that  could  be 
immediately  "(aliied  in  many  of  our  programs  if  U-  ’ Imagery  were  available 
on  a time'ji,  operational  basis.  Also,  preliminary  results  of  cost 
effectiveness  studies  by  personnel  of  the  Remote  Sensing  Laboratory, 
University  of  Oaliforn'.a,  Berkeley  comparing  satellite  to  conventional 
data  sources  (one  of  the  informal  cooperative  studies)  are  showing  some 
dramatic  savings  i a acquiring  water  supply  information. 


In  the  area  of  data  quality  Improvement,  our  U-??  application 
studies  revealed  many  possibilities  for  improving  data  quality  without  any 
sacrifice  of  data  quantity  or  without  increases  in  costs.  In  future 
studies  we  will  be  attempting  to  quantify  quality  aspects,  particularly 
those  relating  to  accuracy. 

Because  we  recognir.e  that  demonstrated  remote  sensing  appli- 
cations cannot  be  implemented  or  sustained  with  experimental  remote 
sensing  platforms,  we  have  no  intention  of  abandoning  the  conventional 
remote  sensing  techniques  that  have  worked  so  well  for  us  in  the  past. 
However,  where  research  results  clearly  indicate  that  cost-effective  remote 
sensing  applications  exist  which  can  achieve  superior  results  or  provide 
needed  but  previously  unavailable  data,  we  will  continue  to  help  achieve 
the  technology  transfer  of  such  applications  and  to  support  the  establish- 
ment of  operational  remote  sensing  platforms  to  make  them  operational 
realities. 
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TABLE  1 - CALIFORNIA  DEPARTMENT  OF  WATER  RESOURCES 

REMOTE  SENSING  APPLICATIONS  STUDIES 


imagery 


I < 

I W (/5 

3 O Q 

iT  Z 
< < 


Wcitci  Resources  Planning  and  Operotions  Applicolions 

1 . Geologic  studies 

a.  Regional  geologic  assessment 
b Delecting  possible  water  beoring  areas 

2.  Urban  boundary  delineotion 

3.  Land  use  updating  (2  studies) 

4.  River  studies 

a . Watershed  characterization 
b Woterway  mapping 
c Sand  and  grovel  bor  mapping 

5 Wi Idlife  liobitat  inventorying 

6.  Mop  substitute 

7,  Snow  cover  assessment  - 

8 Irrigotod  lands  mopping  (2  Studies)  ^ 

9 Algol  detection  and  mapping 
10.  Water  quality  monitoring  ^ 

1 1 . Displays 

Disaster  Assessment  Applications 


1 . Litigations 

2.  F lood  doimigc  assessiiiont 


a_  Cost  eitectivencss  studies  only 

b Controct  with  NASA  through  Goddard  Space  Flight  Center 
c One  of  the  studies  is  cooperotive  agreement  with  Space  Sciences  Loboratory, 
University  of  Colifornio,  Berkeley 
d Controct  with  NASA  through  Goddard  Spoce  Flight  Center 


Noture  of 
Evaluation 

Qunl- 

itu- 

tive 

Quan- 

tito- 

tive 

0 

TABLE  2 - SUMMARY  OF  COST  EFFECTIVENESS  COMPARISONS 


Data  Costs 

(dollars) 

1 

Application 

From 

High 

Altitude 

Imagery 

From  Con- 
ventional 
Data 
Sources 

j 

Cost 

Ratios 

Detecting  Possible  Water  Bearing  Areas 

73 

903 

12.3/1 .0 

Urban  Boundary  Delineation 

4,807 

9,456 

2.0/1  0 

Land  Use  Updating 

2,459 

2,785 

1. 1/1.0 

Land  Use  Updating 

24,812 

25,000 

1 

1 0/1  0 

Watershed  Characterization 

5,170 

6,068 

1 

1. 2/1.0 

Irrigated  Lands  Mapping 

9,101 

12,380 

1. 4/1.0 

Waterway  Mapping 

374 

1,175 

3. 1/1.0 

Flaod  Damage  Assessment 

576 

6,913 

12,0/1.0 

TABLE  3a  _ COSTS  ASSt 
USE  OF  HIGH  ALT!  I 


I 


I 


I 


I 


A.  Acquiring  High  Altitude  Imagery  and 
Supporting  Data  Sources 


1.  High  altitude  photos 


Q. 

Purchose  costs 

b. 

Special  processing  costs 

Lo 

w altitude  support  photos  - existing 

a. 

Purchos'j  costs 

b. 

Special  processing  costs 

Low  oltitude  Support  photos  - specially  flown 

a. 

Flight  planning  costs 

b. 

Contracted  costs 

c 

Film  purchase  and  processing  costs 

d 

Flight  observer  costs 

c 

Photogropher  costs 

t. 

Miscellaneous  costs 

4.  Maps 


P u^^^ s e costs 

b.  Map  preparation  costs 


B.  Data  Collection  Interpretation  - High  Altitude  Imogery 


L Interprctotion  cosjs 

2.  Field  mopping  checking  costs 

3.  Miscellaneous  costs 


C.  Data  Processing 

H ond  tabu  I o t i n g _c«2s 

Z^Preparing  data  (or  machine  processing 
3 Machine  pioccssing  costs 
4.  Preparing  data  for  publication,  displays 


0 Salaries  include  overhead  cost  of  70'o 
b.  Includes  special  charges 


* rETECTING  POSr.IBLE  WATER  BEARiriG  AREA! 
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5 


6 


TOTALS 


73 


TABLE  3b  - COSTS  ASSOCIATED  WITH  THE 
USE  OF  HIGH  ALTITUDE  IMAGERY  * 


A.  Acquiring  High  Altitude  Imagery  und 
Supporting  Data  Sources 

1 .  High  altitude  photos 


a.  Purchase  costs 


b.  Special  processing  costs 


2.  Low  altitude  support  photos 


. Purchose  costs 


b.  Special  processing  costs 


3.  Low  altitude  support  photos  - specially  flown 


a.  Flight  planning  costs 


b.  Contracted  costs 


c.  Film  purchase  and  processing  costs 


d.  Flight  observer  costs 


e.  Photogropher  costs 

f.  Miscellaneous  costs 


70  H4.05I  984 


o.  P u^c h« e cost s 

b.  Map  preparation  costs 


B.  Data  Collection  Interpretation  - High  Altitude  Imogery 


lOU  1 4.7CI  ^89  ^89 


J Intcrpretotion  £osts 

2.  Field  mopping  checking  costs 


3.  Miscellaneous  costs 


, 3 ^ M ^ , 3 :• 


C.  Data  Processing 


1.  Hand  tabulating  costs  


2.  Preporing  doto  (or  mochine  processing 

3.  Machine  processing  costs 


4.  Preparing  data  for  publication,  displays 


TOTALS 


a Salaries  include  overhead  cost  of  70”" 
b.  Includes  special  chorges 


* URBAN  BOUNDARY  DELINEATION 


TABLE  3c  _ COSTS  ASSOCIATED  WITH  THE 
USE  OF  HIGH  ALTITUDE  IMAGERY  * 


A.  Acquiring  High  Altitude  Imagery  and 
Supporting  Data  Sources 

1.  High  altitude  photos 


a.  Purchase  costs 


b.  Special  processing  costs 


2.  Low  altitude  support  pl.jtos  - existing 


. Purchase  costs 


b.  Special  processing  costs 


3.  Low  altitude  support  photos  - specially  flown 


0.  Flight  plonning  costs 

b.  Contracted  costs 


c.  Film  purchosc  ond  processing  costs 

d.  Flight  observer  costs 


e.  Photogropher  costs 

(.  Miscellaneous  costs 


. Purchase  costs 


b.  Map  preparation  costs 


B.  Data  Collection  Interpretation  - High  Altitude  Imagery 


3.  Miscelloneous  costs 
C.  Data  Processing 


I . H a ^ tobulo t i ng  costs 

_2.  Preporing  doto  for  mochine  processing 
3 Machine  processing  costs 


4.  Preparing  data  (or  publication,  displays 


a Salaries  include  overhead  cost  o(  ZCo 
b.  Includes  special  charges 


l6  1.01  i6  16 


hr 


l6  hr 


1,154 

|1,154 

00 

00 

0 

CD 

00 

TOTALS 


* LAND  USE  UPDATING-COACHELLA/IMPERIAL  VALLEYS 


table  3d  - COSTS  ASSOCIATED  WITH  THE 
USE  OF  HIGH  ALTITUDE  IMAGERY  * 


A.  Acquiring  High  Altitude  Imagery  and 
Supporting  Data  Sources 

1.  High  altitude  photos 


0.  Purchose  costs 


b.  Speciol  processing  costs 


2.  Low  altitude  support  photos  - existing 


. Purchose  costs 


b.  Special  processing  costs 


3.  Low  altitude  support  photos  - specially  flown 


Flight  planning  costs 

b.  Contracted  costs 


c.  Film  purchose  ond  processing  costs 

d.  Flight  observer  costs 


c.  Photographer  costs 

f.  Miscellaneous  costs 


I Quan-  I U 
tity  C 


2,390  2,39 


4.  Maps 


. Purchase  costs 


b.  Mop  preparation  costs 


B.  Data  Collection  Interpretation  - High  Altitude  Imogery 


1.  Interpretotion  costs 

2.  Field  moppin g checking  costs 

3.  Miscellaneous  costs 


56  .77  M3  1 ^3 


11,731 


C.  Data  Processing 


1.  Hand  tabuloting  costs 


2^ Preporing  dato  lor  jnochine  processing 

3 Machine  processing  costs 


4.  Preporing  data  (or  publication,  displays 


a Salaries  include  overhead  cost  of  70% 
h.  Includes  special  charges 


1 0 a 1 

11  n a 1 5 

iob~l 

100 

TOTALS 


* LAND  USE  UPDATING-COASTAL  LOS  ANGELES 


1 


TOTALS 


^ . I'r 


table  3f  - COSTS  ASSOCIATED  WITH  THE 
USE  OF  HIGH  ALTITUDE  IMAGERY  * 


Supporting  Doto  Sources 
1.  High  altitude  photos 

Quan- 

tity 

Unit 

'.lost 

Sub- 

Totol 

Totol 

b 

a.  Purchase  costs 

4?.0' 

84 

84 

h.  Speciol  processing  costs 



2. 

Low  altitude  support  photos  - existing 

a.  Purchase  costs 

b.  Special  processing  costs 



3. 

Low  altitude  support  photos  - specially  Mown 

1 

1 

a.  Flight  planning  costs 

b.  Contracted  costs 

c.  Film  purchase  and  processing  costs 

d.  Flight  observer  costs 

e.  Photographer  costs 

f.  Miscellaneous  costs 

4. 

Maps 

a.  Purchase  costs 

1 

, 5_ 

5 

b.  Map  preparation  costs 

Data  Collection  Interpretation  - High  Altitude  Imogery 

1. 

Interpretation  costs 

46  hr 

2R5 

2. 

Field  mapping  checking  costs 

3. 

Miscellaneous  costs 

5 

10.00 

50  ^ 

50 

Data  Processing 

1 

Hand  tabulating  costs 

2 

Preporing  dota  for  machine  processing 

3 

Machine  processing  costs 

4 

Preparing  data  for  publicotion,  displays 

TOTALS 

37^ 

0 Solaries  include  overhead  cost  of  /O’c 
b.  Includes  special  charges 


* WATERWAY  MAPPING 
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f 

I 


Table  3g  _ costs  associated  with  the 

USE  OF  HIGH  ALTITUDE  IMAGERY* 


A.  Acquiring  High  Altitude  Imogery  and 
Supporting  Data  Sources 

1.  High  altitude  photos 

0.  Purchose  costs 

b.  Special  processing  costs 


2.  Low  altitude  support  pho.  -s  - existing 


0.  Purchose  costs 


b Special  processing  costs 


3.  Low  altitude  support  photos  - specially  flown 


a.  Flight  planning  costs 


b.  Contiocted  costs 


c.  Film  purchose  and  processing  costs 

d.  Flight  observer  costs 


e.  Photographer  costs 

f.  Miscellaneous  costs 


o.  Purchose  costs 

b.  Mop  preparotion  costs 


B.  Data  Collection  Interpretation  - High  Altitude  Imagery 


1 . Interpretation  costs 


Field  mapping  checking  costs 


3.  Miscellaneous  costs 


C.  Data  Processing 


1.  Hond  tabulating  costs 


Prepariiig  dato  for  machine  processing 


3.  Mach  ine  processing  costs 


4.  Preporing  data  for  publicotlon,  disploys 


a Salaries  include  overhead  cost  of  70'’ 
h.  Includes  special  charges 


* FLOOD  DAMAGE  ASSESSMENT 


Unit 

Cost 

a 

Sub- 

Total 

Total 

b 

60.05 

6o 

60 

51.00 

51 

56 

.0? 


.75  9 9 


TOTALS 


TABLE  - COSTS  ASSOCIATED  WITH  THE 
USE  OF  CONVENTIONAL  DATA  SOURCES  * 


Acquiring  Conventional  Data  Sources 

1.  Low  altitude  photos  - existing 


a.  Purchase  costs 


b.  Special  processing  costs 


2.  Low  altitude  photos  - specially  flown 


a.  Flight  plonning  costs 


b.  Contracted  costs 


c.  Film  purchase  and  processinq  costs 


d.  Flight  observer  costs 


c.  Photographer  costs 


f.  Miscellaneous  costs 


o.  P ur c h a se  costs 

b.  Map  preparation  costs 


B.  Data  Collection  Interpretation  - Low  Altitude  Photos 


1 . Interpretation  costs 


2.  Field  mapping  checking  costs 


3.  Miscellaneous  costs 


C.  Dato  Collection  Intcrpretotion 
Conventionol  Data  Sources 


1 Field  surveying  costs 

2.  Map  interpretation  costs 


3.  Aerial  visual  reconnaissance  costs 


D.  Dato  Processing 


1.  Hand  tabuloting  costs 


2.  Preparing  data  for  machine  processing 


_3^Moc_hine  processing  costs 

4 Preparing  dota  for  publication,  display,  etc. 


1.151  7 I 7 


4.5M6.54I  79  I 7 


TOTALS 


a Salaries  include  overhead  cost  of  ZO^o 

b Includes  special  charges 


* DETECTING  POSSIBLE  WATER  BEARING  AREAS 


TABLE  - COSTS  ASSOCIATED  WITH  THE 
USE  OF  CONVENTIONAL  DATA  SOURCES  * 


Acquiring  Conventional  Data  Sources 
1.  Low  altitude  photos  - existing 


0.  Purchase  costs 


h.  Special  processing  costs 


2.  Low  altitude  photos  - specially  flown 


0.  Flight  plonning  costs 

b.  Controcted  costs 


urchase  and  processing  costs 


d.  Flight  observer  costs 


e.  Photographer  costs 


f.  Miscellaneous  costs 


Unit 

Cost 

Sub- 

Total 

Totol 

& 

b. 

?8o 


40hA7.99  7"?C 


40hrp0.85  703 


40h 


+ per  100  ft 


a.  Purchose  costs 


b.  Map  preparation  costs 


B.  Data  Collection  Interpretation  - Low  Altitude  Photos 


1 . Interpretation  costs 


2 Field  mopping  checking  costs 

3 Miscellaneous  costs 


C.  Doto  Collection  Interpretation  - Other 
Conventionol  Data  Sources 


1 . Field  surveying  co^s 

2.  Mop  interpretation  costs 


3.  Aerial  visuol  reconnoissonce  costs 


D.  Data  Processing 


1.  Hond  tabuloting  costs 

2 Preporing  data  for  machine  processing 


_3.  Mochine  processing  costs 

4.  Preporing  data  for  publication,  display,  etc. 


TOTALS 


a Salaries  include  overhead  cost  of  70'’o 

b Includes  special  rhorges 


♦ URB.AN  BOUNDARY  DELINEATION 


HE  - COSTS  ASSOCIATED  WITH  THE 
USF  OF  CONVENTIONAL  DATA  SOURCES  * 


A.  Acquiring  Conventional  Data  Sources 

1.  Low  altitude  photos  - existing 


a.  Purchase  costs 


b.  Special  processing  costs 


2.  Low  altitude  photos  - specially  down 


a.  Flight  plonning  costs 


b.  Contracted  costs 


Film  purchase  and  processing  costs 


d.  Flight  observer  costs 


e.  Photographer  costs  


f.  Miscellaneous  costs 


3.  Maps 


B.  Data  Collection  Interpretation  - Low  Altitude  Photos 


1.  Interpretation  costs  


2.  Field  mopping  checking  costs 


3.  Miscellaneous  costs  


C.  Data  Collection  Interpretation  - Other 
Conventional  Date  Sources 


1 Field  surveying  costs 

2.  Map  interpretation  costs  


3.  Aerial  visuol  reconnaissance  costs  


D.  Data  Processing 


1.  Hond  tabulatinn  costs  


2.  Preponng  date  for  mochine  processing 


3.  M a r^h  in^  process  in  g costs 

4.  Preporing  doto  lor  publicotion,  disploy,  etc. 


Unit  Sub- 
Cost  Total  Toto' 
3.  b. 


3.0 


a.  Purchase  costs 

msm 

b.  Map  preparation  costs 

— 

1 

4 hr 


hr 


1 1 ,51i< 


7211  7^1 


TOTALS 


a Salaries  include  overhead  cost  of  70"<' 

b Includes  special  charges 


» LAND  UoE  UPDATING-COACHELLA/IMPERIAL  VALLFT 


Table  _ costs  associated  with  the 

USE  OF  CONVENTIONAL  DATA  SOURCES  * 


A.  Acquiring  Conventional  Data  Sources 
1.  Low  altitude  photos  - existing 


2.  Low  altitude  photos  - specially  flown 


0.  Flight  plonning  costs 

b.  Contracted  cos*s 


c.  Film  pui  ond  processing  costs 

d.  Fligh  observer  costs  


e.  Photographer  costs 


f.  Miscellaneous  costs 


o.  Purchase  costs 


b.  Map  preparation  costs 


B.  Data  Collection  Interpretation  - Low  Altitude  Photos 


1.  Interpretation  costs 


2.  Field  mapping  checking  costs 

3.  Miscellaneous  costs 


C.  Dota  Collection  Interprctotion  - Other 
Conventional  Dota  Sources 


I Field  survcyin g costs 

2.  Map  interpretation  costs 


3.  Aeriol  visual  reconnaissance  costs 


D.  Dato  Processing 


1.  Hand  tabulating  costs 


2.  Preporing  doto  for  mochine  processing 

3.  Ma^inje  ^roce^vr^  uosts 

4.  Prcporing  data  for  publication,  display,  etc. 


Quan-  Unit  $ub- 

tity  Cost  Totol  Totol 


0.  Purchose  costs 

1.8 

E 

464 

464 

b.  Special  processing  costs 

1 

6.0 

6 

6 

85011 


100 


10,11'; 

ao,i]s 

ioo 

1 I'oo 

TOTALS 


'I  Salaries  include  overhead  cost  of  70"o 

b Includes  speciol  chorges 


* LAND  USE  UPDATING-COASTAL  LOS  ANGELES 
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TABLE  - COSTS  ASSOCIATED  WITH  THE 
USE  OF  CONVENTIONAL  DATA  SOURCES  * 


Acquiring  Conventional  Doto  Sources 
1.  Low  altitude  photos  - existing 

Quan- 

tity 

Unit 

Cost 

g. 

Sub- 

Total 

Total 

a.  Purchase  costs 

550  . 

X.51 

83.7 

832 

b.  Special  processing  costs 

1 

4.00 

2. 

Low  altitude  photos  - specially  down 

a.  Flight  plonning  costs 

4 h: 

la.O: 

70 

y? 

b.  Contracted  costs 

15  D: 

1 , 0 0 

c.  Film  purchase  and  processing  costs 

L40  fi 

r^i5c 

170 

'170 

d.  Flight  observer  costs 

15  h] 

iBTo! 

?70 

e.  Photographer  costs 

15  h) 

17. 7C 

7^6 

1.  Miscellaneous  costs 

?0  hi 

l8.0" 

360 

260 

3. 

Maps 

d 

per 

100  ft 

a.  Purchase  costs 

’’  ^ 

10.3:? 

007 

227 

b.  Map  preparation  costs 

Doto  Collection  Interpretation  - Low  Altitude  Photos 

1. 

Interpretation  costs 

50hr 

18.0Z 

001 

901  . 

2. 

Field  mapping  checking  costs 

60hr 

18.0'' 

1 , 0 P 1 

1 

3. 

Miscellaneous  costs 

Dota  Collection  Intcrprctolion  - Other 
Conventional  Doto  Sources 

1. 

Field  surveying  costs 

2 

Mop  interpietation  costs 

3 

Aerial  visual  reconnaissance  costs 

Dota  Processing 

1 

Hond  tobulating  costs 

2 

Preporing  data  lor  mochine  processing 

50hr 

11.90 

595 

595 

3 

Machine  processing  costs 

100 

1.00 

100 

100 

4 

Preporing  data  lor  publication,  display,  etc 

TOTALS 

Q Solonc'  'ticlude  overhead  cost  ol  ZD’o 

b Includes  speciol  chorges 

* WATERSHED  CHARACTERIZATION 
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TABLE  - COSTS  ASSOCIATED  WITH  THE 
USE  OF  CONVENTIONAL  DATA  SOURCES  * 


A.  Acquiring  Conventional  Doto  Sources 
1.  Low  altitude  photos  — existing 


0.  Purchase  costs 


b.  Special  processing  costs 


2.  Low  altitude  photos  - specially  flown 


a.  Flight  planning  costs 


b.  Contracted  costs 


c.  Film  purchose  and  processing  costs 


d.  Flight  observer  costs 


e.  Photographer  costs 


f.  Miscelloneous  costs 


1 hr 


3 ft 


8 hr 


\^SS31\ 


ihh 


hr  17.7 


1 hr  I18.OOI  18 


a.  Purchase  costs 


b.  Map  preparation  costs 


B.  Data  Collection  Interpretation  - Low  Altitude  Photos 


1.  Interpretation  costs 


2.  Field  mopping  checking  costs 

3.  Miscellaneous  costs 


C.  Doto  Collection  Interpretat 
Conventional  Data  Sources 


1 . Field  s u rveying  c osts 

2.  Mop  interpretation  cos*s 


3.  Aeriol  visual  reconnaissonce  costs 


D.  Data  Processing 


1.  Hond  tobuloting  costs 

2.  Preporing  doto  for  niochine  processing 


3.  Mochinc  proce ssing  c osts 

4.  Preparing  data  fot  publication,  display,  etc. 


5.?5  1515 


46  h 


5 llO.OO 


TOTALS 


1,17^' 


o Salaries  include  overhead  cost  of  70*^0 

b Includes  special  charges 


* W/\TERV/AY  MAPPING 
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8 hr 


TABLE  Ug  - COSTS  ASSOCIATED  WITH  THE 
USE  OF  CONVENTIONAL  DATA  SOURCES  * 


A.  Acquiring  Conventional  Data  Sources 
' f ' . * * 

,l..'Lo'V  aRitu'dfe  phofos  - existing 


0.  Purchase  costs  


b.  Special  processing  costs 


2.  Low  o'  tude  photos  - specially  flown 


a.  Flight  planning  costs 


b.  Contracted  costs 


c.  Film  purchase  and  processing  costs 


d.  Flight  observer  costs 

e Photographer  costs  


f.  Miscellaneous  costs 


3.  Mops 


a.  Purchase  costs 


b.  Map  preparation  costs 


B.  Doto  Collection  Interpretotion  - Low  Altitude  Photos 


1.  Interpretation  costs 


2.  Field  mapping  checking  costs 

3.  Miscellaneous  costs 


C.  Doto  Collection  Interpretation  - Other 
Conventional  Dota  Sources 


1.  Field  surveying  costs 

2.  Map  interpretation  costs  


3.  Aerial  visual  reconnaissance  costs 


D.  Data  Processing 


1.  Hand  tabulating  costs 


2.  Preparing  data  for  mochine  processing 


T Mochine  processing  costs 

4.  Preparing  doto  foi  publicotion,  disploy,  etc. 


Unit 

Sub- 

Cost 

Totol 

T otol 

a. 

b. 

1 hr  Ib.O 


.7 


344hr  13. 


TOTALS 


u Sulories  include  overhead  cost  of  70’o 

b Includes  special  chorges 


» FLOOD  DAMAGE  ADSEDDMENT 
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EVALUATION  OF  THERMAL  X/5-DETECTOR  SKYLAB  S-192  DATA  FOR 
ESTIMATING  EVAPOTRANSPIRATION  AND  THERMAL  PROPERTIES 
OF  SOILS  FOR  IRRIGATION  MANAGEMENT* 

By  D.G.  Moore,  Remote  Sensing  Institute;  M.L.  Horton,  Hater  Resources  Institute; 
M.J.  Russell,  Remote  Sensing  Institute;  and  V.I.  Myers,  Remote  Sensing  Institute; 
South  Dakota  State  University,  Brookings,  South  Dakota. 
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ABSTRACT 


N76-17607 


The  energy  budget  of  a volume  element  of  the  earth  including  the  land  surface 
is  an  expression  of  the  relationship  among  factors  affecting  the  gain,  storage,  and 
loss  of  heat.  The  surface  of  the  earth  varies  in  density,  composition,  water  content, 
geometry,  and  other  factors  affecting  the  energy  budget  with  consequent  influence 
on  tlie  rate  of  heat  exchange  and  the  resultant  Lemperature.  Water  is  one  of  the 
major  factors  controlling  the  energy  budget  due  to  its  mobility,  large  heat  capacity, 
and  large  heat  of  vapori^-ation.  Therefore,  application  of  energy  budget  concepts  and 
models  provides  part  of  the  information  necessary  to  interpret  remotely  sensed  thermal 
omittance  as  related  to  the  occurrence  and  distribution  of  soil  moisture. 

An  energy  budget  approach  to  evaluating  the  SKYLAB  X/5-detector  S-192  data 
for  prediction  of  soil  moisture  and  cvapotranspiration  rate  v/as  pursued.  A test 
site  which  included  both  irrigated  and  dryland  agriculture  in  Southern  Texas  was 
selected  for  the  SL-4  SKYLAB  mission.  Both  vegetated  and  fal.ow  fields  were  included. 
Data  for  a multistage  analysis  including  ground,  NC-130B  aircraft,  RB-57F  aircraft, 
and  SKYLAB  altitudes  v/ere  collected.  The  ground  data  included  such  measurements  as 
gravimetric  soil  moisture,  percent  of  the  ground  covered  by  green  vegetation,  soil 
texture,  not  radiation,  soil  temperature  gradients,  surface  omittance,  soil  heat  flux, 
air  temperature  and  humidity  gradients,  and  cultural  practices.  Ground  data  were  used 
to  characterize  energy  budgets  and  to  evaluate  the  utility  of  an  energy  budget  approach 
for  determining  soil  moisture  differences  among  twelve  specific  agricultural  fields. 

The  initial  qualitative  investigation  for  evaluating  the  various  spectral  bands 
of  the  S-192  data  was  accomplished  by  display  of  the  digital  data  using  the  DAS  system. 
The  available  spectral  regions  were  viewed  to  determine  those  regions  appropriate  for 
mapping  various  landscape  features  associated  with  soil  moisture  differences.  Wet 
versus  dry  fallow  fields  could  be  distinguished  on  the  screening  film  from  the  NC-130B 
mul tispoctral  scanner  and  the  SKYLAB  DAS  film  products  in  the  reflective  region  of  the 
spectrum  only  in  the  longer  wavelength,  infrared  channels  (greater  than  1.533  ;.m  for 
NC-130B  and  greater  than  1.55  pm  for  SKYLAB)  and  could  be  distinguished  in  all  channels 
v.'here  emitted  radiation  was  measured. 

A boundary  detection  algorithm  was  developed  to  locate  and  map  the  high  gradient 
boundaries  within  the  matrix  of  digital  S-192  data.  Statistical  means  and  variances 
of  the  data  matrix  surrounding  ground  sample  points  for  each  field  were  computed 
excluding  data  from  the  boundaries  and  other  high  gradient  levels  v/hich  were 
statistically  separable  for  adjustment  of  classes  in  a variable  quantizer.  The  moans 
were  statistically  correlated  with  ground  variables,  t'aps  estimating  cvapotranspiration 
rates  of  the  agricultural  landscape  were  produced  using  tite  S-192  SKYLAB  data  as  an 
input  into  the  Jonsen-Haise  prediction  model.  Correlations  of  S-192  data  and  soil 
moisture  at  three  different  soil  depths  in  a 0-30  cm  profile  and  a coi-posite  moisture 
value  in  the  0-30  cm  profile  wore  all  significant  only  for  the  thermal  band  of  the 
S-192. 


* SDSU-RSI-J-75-03.  Supported  in  part  by  NASA  Contract  Number  NAS  9-13337. 
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INTRODUCTION 


1 


T 


The  surface  of  the  earth  continually  absorbs  and  emits  energy.  The  balc.nce 
achieved  between  energy  Inputs  and  energy  outputs  represents  the  energy  budget. 

Many  different  models  have  boon  developed  to  simulate  the  complex  Interactions 
among  energy  budget  components.  Ground-based  meteorological  point-sample  measurements 
have  been  used  as  Inputs  for  verification  of  model  accuracies.  The  use  of  these 
models  with  data  supplied  from  aircraft  and  satellites  equipped  with  sensors  capable 
of  measuring  reflected  and  emitted  energy  offers  a synoptic,  yet  detailed,  approach 
for  studying  and  using  concepts  from  the  energy  budget  models  over  a variety  of 
landscape  variables  on  a repetitive  basis. 

The  temperature  of  a fallow  soil  or  vegetated  surface  is  an  integrated  response 
by  that  surface  to  environmental  factors  such  as  the  level  of  incoming  radiation, 
the  air  temperature  and  humidity,  the  wind  speed,  etc.  Such  surface  characteristics 
as  albedo,  roughness,  v/etness,  and  other  physical  parameters  alter  the  effect  of  the 
environmental  factors  on  the  energy  budget  and  heat  exchanges  and  consequently  are 
expressed  as  temperature  variations. 

A major  source  or  sink  of  heat  energy  in  the  soil-plant  environment  is  water. 

Water  plays  a major  role  in  determining  the  thermal  properties  of  soils  including 
the  conduction  and  convection  of  heat  to  and  from  the  soil  surface.  In  addition, 
phase  changes  of  v/ater  by  vaporization  and  fusion  absorb  and  release  large  quantities 
of  heat.  Fallow  soil  surfaces  dissipate  a portion  of  the  incoming  energy  by 
evaporation.  Dissipation  of  energy  by  evaporation  from  plants  is  termed  transpiration. 

A land  surface  having  a crop  canopy  dissipates  the  energy  by  evaporation  from  both 
the  plant  and  the  soil  v;hich  is  collectively  termed  evapotranspiration  (FT),  Since 
water  has  a considerable  effect  on  the  energy  budget,  estimates  of  surface  temperatures 
using  emittance  measurements  from  remote  sensors  may  provide  the  data  necessary  for 
estimating  soil  moisture  contents.  Point-time  soil  moisture  and  evapotranspiration 
estimates  from  remote  sensors  could  provide  a powerful  management  tool  for  irrigation 
scheduling,  crop  yield  predictions,  disease  and  insect  infestations,  flood  forecasting, 
seed  germination,  land  erosion  potential,  and  numerous  other  applications. 

A v;ater  budget  estimate  for  a region  is  a widely  accepted  approach  in  determining 
the  soil  moisture  status.  The  amount  of  rainfall  and  irrigation  ,/ater  entering  the 
volume  element  is  equated  with  the  amount  of  water  leaving.  A portion  of  the  water 
leaving  is  estimated  by  regional  evapotranspiration  rates.  Predictive  models  using 
energy  budget,  mass  transfer,  or  combination  equations  have  been  developed  to  estimate 
the  potential  evaporative  flux.  See  Bartholic,  H'ainken,  and  Wiogand  (1),  McGuinness 
and  Bordne  (2),  Stone  and  fiorton  (3),  and  Rosenborg,  Hart,  and  Brown  (4)  for  reviews 
and  evaluations  of  the  various  models.  The  prediction  normally  estimates  the  potential 
ET  in  contrast  to  the  actual  ET.  Morton  (5)  has  stated  that  with  adequate  moisture 
supplied  to  the  evaporating  soil  and  vegetated  surfaces,  the  actual  ET  is  accurately 
estimated  from  the  potential  ET  on  a regional  basis.  Hov/ever,  this  relationship  is 
erroneous  for  surfaces  which  are  not  well  watered.  When  conducting  a water  budget, 
terms  other  than  evaporative  flux  are  frequently  neglected,  for  example.  Black, 

Gardner,  and  Tanner  (6)  determined  on  a field  water  budget  study  that  during  the 
60-day  study  period  the  total  water  loss  from  a field  of  snap  l)oans  was  35  cm  with  17  cm 
lost  to  ET  and  18  cm  lost  due  to  drainage  from  the  150-cm  profile.  Goltz  et  al . (7) 
found  that  for  an  onion  crop,  the  drainage  loss  exceeded  the  ET  loss.  Therefore,  the 
water  budget  approach  is  only  applicable  where  a considerable  knowledge  of  the 
landscape  physical  properties  is  known.  If  the  crop  canopy  and  fallow  soil  surfaces 
are  an  indicator  of  the  surface  and  subsurface  moisture  at  the  time  of  measurement, 
the  errors  in  the  traditional  water  budget  would  not  affect  the  estimation  of  soil 
moisture  at  a point  in  time.  When  the  supply  of  water  to  the  evaporating  surface 
(primarily  through  conduction  through  the  soil  matrix  to  the  fallow  soil  surface  or 
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translocation  through  plant  roots  and  tops  to  the  leaves)  is  liinited,  the  evaporation 
rate  decreases  with  a subsequent  increase  in  temperature  of  the  evaporating  surface. 

In  early  work,  Tanner  (8)  used  energy  balance  relationships  to  show  that  if  the 

transpiration  rate  of  plants  decreases  and  If  the  radiation  balance  and  wind  structure  j 

remain  the  same,  the  decrease  in  latent  heat  exchange  results  in  an  increase  in  plant 

temperature.  The  incoming  energy  to  the  surface  is  utilized  in  heating  the  surface  in 

contrast  to  being  partitioned  into  latent  energy  with  subsequent  dissipation  as  latent 

heat  flux.  As  moisture  stress  increases,  with  consequent  decreases  in  ET  rate  and 

increases  in  surface  temperature,  the  relative  turgidity  of  the  plant  decreases. 

Wiogand  and  riainken  (9)  observed  in  cotton  plants  that  a decrease  in  relative  turgidity 
of  plants  from  83  to  59%  resulted  in  a 3.6  C increase  in  leaf  temperature.  This 
magnitude  of  temperature  effect  is  well  within  the  resolution  capabilities  of  modern 
remote-sensing  systems.  Moore,  Horton,  and  Russell  (10)  have  provided  early  indication  . 

by  visual  examination  of  S-192,  X/5-detector  thermal  data  from  SKYLAB  that  soil  moisture 
variations  were  evident  in  the  space-altitude  data. 

The  relationship  of  plant  temperature  and  energy  exchange  has  been  further 
discussed  by  Gates  (11,  12,  13).  He  suggested  that  if  leaf  temperatures  and  the  radiant 
energy  absorbed  by  the  leaf  are  measured,  the  transpiration  rate  can  be  computed.  The 
Jensen-Haise  model  for  potential  ET  prediction  (based  on  temperature  and  radiation)  was 
developed  and  evaluated  over  large  areas  of  the  world  (Jensen  and  Haise,  14).  The  model 
is  extensively  used  for  irrigation  scheduling  and  has  input  parameters  as: 

ETp  = (0.025  T + 0.08) 

where  ETp  = potential  ET  in  mm  min-i. 

T = air  temperature  in  degrees  C 

R = equivalent  depth  of  evaporation  of 
* incoming  solar  radiation  in  mm/rnin-'. 

Although  air  temperature  is  used,  the  temperature  of  the  evaporating  surface  should  be 
an  improved  parameter  for  relating  to  actual  ET  rates.  The  same  would  probably  be  true 
for  Rs-  If  remote-sensing  inputs  into  the  model  could  supply  T and  Rj  on  a field-by- 
field basis,  the  ET  on  a field  basis  could  be  estimated  using  the  model  in  its  present 
form. 

This  paper  contains  preliminary  results  of  an  effort  to  evaluate  the  use  of 
mul tisppctral  SKYLAB  for  assessing  evapotranspiration  and  therinrl  properties  of 
soils.  The  effort  i/as  pursued  under  NASA  Contract  NAS  9-13337. 

METHODS 

Aerial  Data  Acquisition 

A test  site  which  incli'ded  both  irrigated  p d dryland  agriculture  was  established 
in  Dimmit  County,  Texas,  during  the  SL-4  mission  of  KYLAB.  The  SKYLAB  data  were 
acquired  at  20:12  GMT  04:12  CST)  over  yrou?id  track  20,  orbit  94  on  January  28,  1974. 

Tlie  thermal  detector  during  the  SL-4  overpass  had  been  changed  to  the  X/5  with  a quoted 
iioaT  of  1.1  C.  Aircraft  including  the  NC-130B  at  7620-m  above  ground  level  (AGL), 

NASA  mission  258,  and  the  RB-57F  at  18,300-m  AGL,  NASA  mission  260,  were  direct 
underflights  to  the  SKYLAB  overpass.  The  sensors  for  all  platforms  included  scanning 
rad  ioi'ieters  and  photography.  This  paper  presents  results  from  the  scanner  data  of 
SKYLAB  and  NC-130B  using  a photographic  image  from  the  RB-57F  as  a base  rmp. 
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Description  of  Test  Site  and  Ground  Data 

The  site  near  Carrizo  Sprinys,  Texas,  (28°30'N,  99°50'W)  was  selected  in 
accordance  with  the  estimated  coverage  of  the  S-192  scanner  and  the  availability  of 
both  irrigated  and  dryland  agriculture.  The  soils  were  predominantly  of  the 
Uvalde-Montell-Atco  Association  which  are  nearly  level  to  gently  undulating,  ‘ , 

silty  clay  loams,  clays,  and  clay  loams  that  have  moderately  and  very  slowly  permeable 
subsoils.  The  black  and  white  print  of  '■olor  infrared  aircraft  photography  in  Fig.  1 
includes  coverage  of  the  study  area.  The  predominant  land  use  was  rangeland  with  some 
irrigated  crops  in  the  area  including  alfalfa,  cabbage,  onions,  carrots,  and 
pre-irrigated  fallow.  The  dryland  agriculture  included  fallow,  improved  range,  and 
unimproved  range.  The  thirteen  test  fields  for  which  ground  data  were  acquired  and 
which  were  assui:ied  to  be  representative  of  variations  in  land  use  ard  soil  moisture  are 
identified  in  Fig.  1.  In  addition,  the  letters  A and  B in  Fig.  1 di  lote  a seep  area 
and  center  pivot  irrigation  ystems,  respectively,  for  v/hich  ground  data  wore  not 
acquired.  A frost  had  occurred  approximately  one-month  prior  to  the  SKYLA3  overpass; 
therefore,  the  dryland  vegetation  was  essentially  dormant. 

Considerable  energy  budget  data  including  thermocouple  soil  temperatures,  soil 
heat  flux,  radioinetry,  air  temperatures,  surface  omittance,  etc.,  were  collected  for 
the  tost  fields.  Land  use  and  soil  moisture  data  were  acquired  for  the  twelve 
agricultural  fields.  The  percent  green  vegetation  was  determined  by  olacing  a random 
dot  grid  containing  100  points  on  vertical  hand-held  photographic  slides  exposed  at 
1-m  AGL.  Each  value  reported  was  an  average  of  four  separate  observations  on  each 
of  throe  replicative  slides.  Soil  moisture  samples  were  collected  in  triplicate  with 
each  sample  coi’iposed  of  two  subsamplos.  The  percent  gravimetric  soil  moisture  was 
deterinined  by  oven  drying  at  105  C for  each  of  three  depths:  0-2  cm,  2 -ID  cm,  and 

lOOO  cm.  A composite  value  for  the  30-cm  profile  was  coiiputed  by  weighting  and 
summing  the  averages  for  the  depths  represented.  The  means  and  field  descriptions 
are  presented  in  Table  I. 


Visual  Evaluation  of  Sv_nner  Imagery 

The  i:-130B  mul tispectral  scanner  screening  film  products  were  evaluated  visually 
in  additioi.  to  the  DAS  products  ot  the  SKYLAB  S-192  data.  The  preliminary  visual 
coiiipar isons  were  to  evaluate  the  similar  wave  bands  of  both  sensor  systems  for  spectral 
discrimination  of: 

1.  Dry  vei'sus  wet  fallow  surfaces 

2.  Well-  or  medium-watered  vegetation  versus  wet  fallow 

3.  Well-watered  versus  dry  alfalfa 

4.  Medium  versus  well -watered  alfalfa 

5.  Recognition  of  extent  of  seep 

6.  Appr  riatencss  for  irrigation  survey 

7.  Unique  V'lation  of  surface  water. 

reduction  and  Analysis  of  Digital  S-192  Data 

Since  the  original  scanner  products  of  llie  S-192  data  v.ere  in  a conical  form, 
recognition  of  field  boundaries  was  difficult.  Therefore,  an  algorithm  was  developed 
to  locate  boundaries  between  relatively  hoM'ogenrous  areas  of  the  digital  S-192  data. 
Assumptions  incorporated  in  the  algorithm  include: 

1.  The  rate  of  change  of  adjacent  data  vilu's  (gradient  lagnituJe)  within 
a lio:  .ogonoous  area  is  sinall 
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2.  The  gradient  magnitude  near  a boundary  is  greater  than  within  the 
homogeneous  areas 

3.  The  gradient  vector  direction  at  a boundary  is  perpendicular  to 
the  boundary 

4.  A boundary  point  is  that  point  which  has  the  maximum  gradient  value 
when  compared  to  adjacent  points  in  the  gradient  vector  direction. 

A flow  diagram  for  boundary  point  selection  is  illustrated  in  Fig.  2.  For  example, 
a boundary  point  is  at  gradient  point  "b"  in  Fig.  2,  only  if  the  adjacent  gradient 
magnitudes  at  points  "a"  and  "c"  are  less  than  or  equal  to  the  gradient  magnitude  at 
"b".  The  complete  algorithm  with  examples  is  documented  in  the  Final  Report  to 
NASA  Contract  NAS  9-13337  (in  preparation). 

The  boundary  detection  algorithm  was  applied  to  the  digital  £-192  thermal  data. 
Figure  3 illustrates  an  output  of  the  algorithm.  Many  field  separations  and  other 
high  gradient  regions  are  easily  apparent  in  Fig.  3. 

Histograms  of  the  entire  test  site  (area  approximately  similar  to  that  in  Fig.  1) 
were  generated  for  each  of  the  spectral  bands.  Wher^  apparent  modes  were  present  within 
the  data,  levels  were  chosen  to  generate  gray-level  overstrike  maps  using  a variable 
quantizci . Using  the  boundary  maps  in  reference  with  the  overstrike  maps,  the  thirteen 
test  sites  were  located.  Their  extents  were  determined  using  the  boundary  and  gray- 
level  maps  where  possible.  A region  within  each  test  site  was  chosen  which  represented 
the  ground  sampling  points  and  did  not  include  high  gradient  points  at  the  boundaries 
and  other  areas  as  apparent  in  Fig.  3.  Statistical  i.ieans  and  variances  \mre  determined 
for  each  of  the  thirteen  sites  for  each  of  the  available  S-192  spectral  bands.  Facli 
mean  represents  at  least  16  observations.  The  means  representing  each  field  were 
correlated  with  the  ground  variables  for  that  field.  The  means  within  a spectral  band 
were  ranked  and  statistically  compared.  Classes  of  data  were  generated  by  combining 
similar  moans  into  grand  moans,  where  necessary.  The  data  classes  wer>  statistically 
separable  using  the  t-test  at  the  0.05  significance  level.  A flow  diagram  for  this 
class  grouping  process  is  presented  in  Fig.  4 and  class  groupings  for  the  thirteen 
test  sites  are  shown  in  Table  II.  Values  for  separating  classes  around  the  means 
were  chosen  by  equal  percentage  v/oighting  of  standard  errors  from  each  of  Ihe  adjacent 
means.  Gray-tone  maps  of  the  statistically  separable  classes  were  prepared  by 
overstrikes  on  a line  printer  using  a variable  quantizer  with  tie  previously  delermincd 
data  values  as  class  bounds. 


Evapotranspiration  Estimate 

The  Jenson-Haise  model  was  used  for  an  estimate  of  ET,  \;hcre: 


ETp  - (0.025  r + O.CS)  Rj 


where  ETp 


T 

R 


s 


potential  ET  in  mm  min-l 

air  te:iipcra ture  in  degrees  C 

equivalent  depth  of  eviporation  of  incoming 
solar  radiation  in  mm  nin-i. 


The  incoming  solar  radiation  at  the  SKYLAB  overpass  (20:12  GMT)  was  rcasured  with  an 
Eppley  pyranon.eter  as  1.020  cal  cin"'^  min'i  with  the  air  teperature  as  19.3  C. 
Therefore,  the  potential  ET  prediction  is  10.0  x 10'^  -vi  min"'.  Assume  that: 

1)  the  actual  ET  is  equal  to  the  potential  ET  for  the  field  having  the  coolest  surface 
temperature,  2)  the  actual  ET  is  zero  for  the  field  with  the  warmest  temperature,  and 
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3)  assume  the  T in  the  Jensen-Haise  model  is  linearly  related  to  the  fourth  root  of 
the  stcradiance  as  measured  by  the  S-192  scanner.  Assignment  of  ET  values  for  the 
thermal  data  would,  therefore,  use  the  mean  of  fields  #4,  11,  2,  7,  and  10  (see  Table 
II)  as  T minimum  with  ET  computation  of  10.0  x 10~^  mm  min-^.  The  mean  of  fields  #12 
and  13  would  correspond  to  T maximum  with  ET  prediction  as  0.0  mm  min-^.  The  remaining 
tv/o  classes  weighted  with  the  fourth  root  of  steradiance  would  correspond  to  8.4  x 10“^ 
mm  min'i  and  5.4  x 10"^  mm  min~^. 

RESULTS  AND  DISCUSSION 
Surface  Tempera tu>^e  and  Soil  Moisture 

The  equivalent  blackbody  surface  temperatures  of  fallow  soils  under  wet  and  dry 
conditions  are  shown  in  Fig.  5 for  one  diurnal  cycle.  The  wet  and  dry  f‘  Ids 
represented  are  #7  and  13,  respectively  --  refer  to  Fig.  1.  The  precisii...  radiation 
thermometer  (PRT)  temperature  differential  between  the  wet  and  dry  surfaces  at  14:12  CST 
is  approximately  6 C,  well  within  the  thermal  resolution  of  the  X/5  S-192  SKYLAB 
detector.  Prior  to  9:00  CST  and  after  18:00  CST,  the  two  fields  cannot  be  separated 
by  surface  emittance  measurements  which  emphasizes  the  importance  of  data  collection 
time  in  surface  temperature  observations. 

If  water  is  available  for  evaporation,  a portion  of  the  incoming  radiation  will 
be  partitioned  into  energy  dissipation  by  latent  heat  flux,  thereby  creating  a cooling 
mechanism  for  the  soil  surface.  In  addition,  the  thermal  conductivity  of  a wet  soil  is 
normally  greater  than  for  a dry  jOil.  Heat  is  transferred  from  the  surface  into  the 
body  of  the  soil  by  conduction.  The  conduction  rate  is  dependent  upon  the  soil  thermal 
conductivity  and  the  temperature  gradient  from  the  surface.  As  soil  moisture  content 
increases  soil  thermal  conductivity  normally  increases.  Therefore,  for  a wet  soil,  the 
temperature  gradient  for  an  equal  amount  of  heat  transfer  from  the  surface  is  less 
than  for  a dry  soil.  This  provid-^s  an  additional  mechanism  for  lowering  the  surface 
temperature. 

The  combination  of  these  two  major  effects  is  apparent  in  the  data  presented  in 
Fig.  5.  Note  that  during  predawn  hours,  only  a negligible  temperature  anomaly  becomes 
greater.  Daytime  heating  of  fallow  soil  surfaces  can  serve  to  indicate  a deficit  in 
the  supply  of  v/ater  to  the  evaporating  surface.  Cool  evaporating  surfaces  in  an 
otherwise  moisture  deficient  area  indicate  high  soil  moisture  regions. 

Visual  Interpretations  from  Photo  Products 

The  man-machine  interactive  DAS  system  provides  a rapid  method  of  screening  digital 
data.  Photographic  representations  of  five  bands  of  S-192  SKYLAB  data  produced  using 
the  DAS  system  are  presented  in  Figs.  6a->6e.  A series  of  visual  interpretations 
concerning  specific  landscape  characteristics  of  interest  to  a v;ater  resources  specialist 
were  evaluated  using  these  DAS  products.  Screening  film  from  corresponding  NC-130B 
multispectral  scanner  bands  was  also  evaluated  to  provide  additional  data  relating  to 
the  S-192  spectral  analysis.  Table  III  is  a summa'^y  of  the  visual  analyses. 

Dry  versus  wet  fallow  soil  surfaces  could  be  separated  in  the  longer  reflective 
infrared  bands  (greater  than  1.5  pm)  and  the  thermal  infrared  band.  The  alfalfa  fields 
classified  as  "well  v/atered,  medium  watered,  and  dry"  (see  Table  I for  quantitative  data) 
were  separable  in  only  the  0.78-0.88  and  10.2-12.5  pm  spectral  bands  of  S-192  data. 
Identification  of  other  water-related  Tnatures  including  a seep  and  center  pivot 
irrigation  systems  was  accomplished  using  the  thermal  band.  The  thermal  data  did 
not  separate  land  use  from  soil  moisture  as  did  the  0.78-0.88  pm  band.  Therefore, 
a survey  of  irrigated  and  other  high  soil  moisture  areas  should  be  conducted  using 
the  thermal  band.  If  both  land  use  and  soil  moisture  are  to  bo  determined  using 
these  five  S-192  bands,  the  reflective  0.78-0.88  pm  band  must  be  included  in  the 
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analysis.  If  surface  water  is  to  be  separated  from  the  high  soil  moisture  bands,  a 
third  band  must  be  included  which  could  be  either  1.55-1.75  ym  or  2.10-2.35  ym. 

Statistical  Tests  of  S-192  Data 

Correlations  among  the  ground  variables  for  the  twelve  agricultural  fields  are 
presented  in  Table  IV.  Soil  moisture  in  adjacent  soil  layers  was  significantly 
correlated.  Except  for  the  0-2  cm  layer,  correlations  of  soil  moisture  with  percent 
green  vegetation  were  not  significant.  The  0-2  cm  layer  correlation  to  green  vegetation 
could  have  been  related  to  ground  shading  by  vegetation  and/or  to  irrigation  scheduling. 

Correlation  coefficients  of  ground  data  to  the  S-192  data  means  are  contained  in 
Table  V.  Similar  results  as  with  the  visual  analyses  presented  in  the  previous  section 
reveal  that  wavelengths  shorter  than  1.55  ym  were  not  related  to  surface  moisture. 

The  wet  and  dry  fallow  fields  (#7  and  13,  respectively)  were  not  statistically  separable 
with  the  repeated  t-test  results,  presented  in  Table  II,  for  spectral  wavelengths  less 
than  1.55  ym. 

The  only  spectral  region  to  significantly  correlate  with  soil  moisture  contents  at 
all  soil  depths  sampled  v/as  the  thermal  data  from  channels  15  and  16.  The  significant 
correlations  for  soil  depths  greater  than  2 cm  were  encouraging  in  reference  to  crop 
canopy  signatures  of  water  deficits.  Note  for  the  thermal  channel  data-class  separations 
in  Table  II,  that  the  wet  versus  medium-watered  versus  dry  alfalfa  fields  (fields  4,  5, 
and  3,  respectively)  v/ere  within  separable  classes.  Upon  further  analyses  of  more  of 
the  fields  for  which  ground  data  were  acquired  during  the  SKYLAB  mission,  emphasis  on 
land  use  will  be  considered  wlien  relating  the  spectral  data  to  subsurface  soil  moisture. 
The  limited  numbers  of  fields  for  this  analysis  did  not  allow  those  separations. 

The  statistically  separable  classes  for  the  12  agricultural  fields  and  the  water 
body  are  presented  in  Table  II.  If  the  13  test  fields  were  truly  representative  of  the 
total  test  area,  a total  of  five  separable  classes  of  data  ivere  present  within  the 
thermal  band  in  contrast  to  the  two  classes  displayed  using  the  DAS  system.  The  surf'ce 
v/ater  was  a separable  class;  however,  this  observation  is  considerably  dependent  on  time 
within  the  diurnal  cycle  for  measurement.  Either  of  bands  1.55^1.75  ym  or  2.10->-2.35  ym 
should  be  used  to  uniquely  separate  surface  water. 

A significant  correlation  betiveen  percent  green  vegetation  and  S-192  spectral  data 
v;as  obtained  for  the  0.56-0,61  ym  spectral  band  in  contrast  to  the  0.78-0.88  ym  band 
determined  in  the  visual  analysis.  The  0.56-0.61  yin  band  was  not  available  for  visual 
analysis. 


Prediction  of  Evapotranspiration 

Figure  7 is  an  ET  map  produced  from  the  four  separable  classes  identified  from 
statistical  treatment  of  the  data  from  the  SKYLAB  channels  15  and  16.  The  basis  for  the 
ET  map  is  the  temperature  of  the  surface  and  its  relationship  to  ET,  Through  use  of  the 
Jensen-Haise  (14)  ET  Model  equation,  the  surface  vias  related  to  evapotranspiration. 

The  fourth  root  of  the  calibrated  steradiance  from  channels  15  and  16  was  used  to 
linearly  relate  the  S-192  thermal  detector  responses  to  temperature  differences  according 
to  the  Stefan-Bol tzmann  l.aw.  Use  of  satellite  data  as  input  into  a similar  type  equation 
can  lead  to  regional,  yet  detailed,  ET  estimates  for  use  in  irrigation  scheduling,  in 
watershed  models,  and  in  monitoring  crop  growth  and  yields. 


2567 


CONCLUSIONS 


1.  Wavelengths  greater  than  1.5  um  were  required  to  spectrally  distinguish  between 
wet  and  dry  fallow  surfaces. 

2.  The  thermal  data  provided  a better  estimate  of  soil  moisture  than  did  the 
reflective  bands. 

3.  Thermal  data  was  dependent  on  soil  moisture  but  not  on  the  type  of  agricultural 
land  use. 

4.  The  emittance  map,  when  used  in  conjunction  with  existing  models,  did  provide 
an  estimate  cf  evapotranspiration  rates. 

5.  Surveys  of  high  soil  moisture  areas  can  be  accomplished  with  space-altitude 
thermal  data,  if  both  soil  moisture  and  land  use  are  to  be  surveyed,  at  least 
one  reflective  channel  must  be  included  in  the  analysis. 

6.  Thermal  data  will  provide  a reliable  input  into  irrigation  scheduling. 

7.  The  thermal  and  spatial  resolution  of  the  S-192  X/5  detector  SKYLAB  data  is 
appropriate  for  monitoring  soil  moisture  and  for  irrigation  scheduling. 

8.  The  time  of  data  collection  for  soil  moisture  surveys  should  be  close  to  midday. 
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TABLE  I.  LAND  USE  AND  SOIL  MOISTURE  OF  FIELDS  WITHIN  TEST  SITE. 


Wet  or  Dry 


1A.N?-- 

Cro£ 

range 

% Green 

Soil  Moisture  in  % 

1 

II 

1 

1.2 

15.1 

dry 

2 

onions 

28.0 

18.2 

wet 

3 

al fal fa 

22.8 

14.3 

dry 

4 

al fal fa 

86.8 

24.4 

wet 

5 

al  fal fa 

86.1 

18.9 

wet 

6 

fallow 

0.0 

22.5 

dry 

7 

fallow 

2.6 

29.5 

wet 

8 

9 

fal 1 ow 
water 

0.0 

19.2 

dry 

10 

f a 1 1 ow 

6.0 

25.6 

wet 

11 

al  fal fa 

89.2 

23.9 

wot 

12 

alfalfa 

10.3 

15.9 

dry 

13 

fal low 

0.0 

18.5 

dry 

A seep 

B center  pivot  irrigation 
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TABLE  II.  STATISTICAL  DIFFERENCES  AMONG  FIELDS  FOR  HIGH  RATE  CHANNELS  OF  S-192.-' 


V 


In  percent  oven  dry  weight 

Weighted  conbi nation  of  three  depths 

Fourth  root  of  digital  count  calibrated  to  steradiance 


Black  and  white  print  of  color  infrared  photeyraphy  illustrating  the 
intensive  test  site  in  Southern  Texas.  Data  is  from  KB-b7F  liASA  mission 
?60,  Zeiss  "12-inch"  focal  length  camera  at  lB,300-in  AfiL.  Refer  to  Table  I 
for  description  of  land  use  and  soil  noisturc  for  fields  1 thru  13.  Area  " 
is  a seep  and  areas  "B"  are  apparent  center  pivot  irrigation  systei:is. 


APPROXIMATE  MAGNITUDE  OF  GRADIENT  VECTOR 
IGRADI  = IvFl  .J(^f  f 
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QUANTIZE  DIRECTION  j— . 

OF  GRADIENT  VECTOR 

INTO  FOUR  DIRECTIONS  — 


START! 


.ESS  THAN 


COMPARE 

GRADIENT  MAGNITUDE 
■\J(JITH  THRESHOLJl/^ 


IF  GREATER 
THAN  OR  EQUAL 


IS  POSSiHLE 


BRANCH  TO  EDGE  DETECTOR 

FOR  EACH  GRADIENT  DIRECTION 
DIRECTIONS 


GO  TO 


a I b c 


POINT 


COMPARE  GRADIENTS  AT  a AND  c 
WITH  THE  GRADIENT  AT  b 


IF  NOT 


IF  a AND  c ARE 

BOTH  LESS  OR  EQUAL  TO  b 


AN  EDGE  HAS 
BEEN  LOCATED 


Fiijure  2.-  Flow  diaqram  of  boundary  detection  procedure  which  was  applied  to  digital 
S-192  scanner  data. 


Figure  3.-  Output  of  boundary  detection  procedure  applied  to  channels  15-16  of  S-192 
SKYLAB  thermal  data.  Approximate  areal  coverage  similar  to  that  in  Fig.  1 
with  corresponding  annotation  of  field  test  sites. 


2577 


Figure  4.-  Flow  diagram  of  t-test  procedure  which  was  applied  to  the  digital  5-192 
scanner  data. 
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c.  Channel  12 


Figure  6.-  (continued) 


CX-9 

■ ♦ A 

^ 

1 

P^K'  ^ M 

p'l 

4 fl 

♦ i 

Channel  14 


SKYLAB 
S-  192 


f igui  c /.-  rviipotranspicat  ion  i;i,ip  compntt?d  using  pMiittance  data  from  the  S-19?  SKYl  AB 
thL'nnal  scanner  as  an  input  into  the  Jensen-llaise  model.  The  IR  levels 
limes  10^  iticludc  syinbol  seguonces:  0 = 0.0  nsn  min"',  9 ' i-n  min*', 
f - 8.-1  !iun  min*',  • = 10. Cion  min*',  and  blanks  *•  surface  v.iter. 
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REMOTE  SENSING  INPUTS  TO  WATER  DEMAND  MODELING*  W-22 

By  John  E.  Estes,  John  R.  Jensen,  Larry  R.  Tinney,  Geography  Remote  Sensing 
Unit,  University  of  California,  Santa  Barbara,  California,  and  Michael  Rector, 
Kern  County  Water  Agency,  Bakersfield,  California 


ABSTRACT  TJ76-  08 

Water  resource  managers  require  timely,  accurate,  and  cost-effective  data  to 
model  hydrologic  dynamics  in  arid  agricultural  environments.  In  an  attempt  to 
determine  the  ability  of  remote  sensing  techniques  to  economically  generate  data 
required  by  water  demand  models,  personnel  of  the  Geography  Remote  Sensing  Unit 
at  the  University  of  California,  Santa  Barbara,  are  presently  involved  in  a 
cooperative  research  program  with  the  Kern  County  Water  Agency  (KCWA),  California. 

The  KCWA  model  was  developed,  and  is  currently  being  refined,  by  the  TEMPO  Center 
for  Advanced  Studies,  Santa  Barbara.  Based  upon  an  analysis  of  the  KCWA  model, 
listings  of  all  external  quantities  that  serve  as  inputs  to  the  model  were 
compiled  and  analyzed  in  the  following  manner:  1)  all  data  inputs  were  precisely 
defined;  2)  related  data  inputs  were  grouped  and  categorized;  3)  present  sources 
of  input  data  were  identified;  and,  4)  preliminary  determinations  were  made  as  to 
which  inputs  could  possibly  be  generated  more  efficiently  utilizing  remote  sensing 
technology. 

As  a result  of  this  analysis  it  was  determined  that  agricultural  cropland 
inventories  utilizing  both  high  altitude  photography  and  LANDSAT  imagery  can  be 
conducted  cost-effectively.  In  addition, by  using  average  irrigation  application 
rates  in  conjunction  with  cropland  data,  estimates  of  agricultural  water  demand 
can  be  generated.  However,  more  accurate  estimates  are  possible  if  crop  type, 
acreage  and  crop  specific  application  rates  are  employed. 

An  analysis  of  the  effect  of  saline-alkali  soils  on  water  demand  in  the  study 
area  is  also  examined.  KCWA  must  identify  and  assess  the  distribution  of  the 
saline-alkali  environment  if  an  effective  water  management  program  is  to  be 
implemented.  GRSU  has  identified  the  dimension  of  the  saline-alkali  agricultural 
damage  based  on  photo  interpretation  and  extensive  ground  truth. 

Finally,  reference  is  made  to  other  GRSU  investigations  in  this  area  such  as 
the  detection  and  delineation  of  water  tables  that  are  "perched"  near  the  surface 
by  semi -permeable  clay  layers.  Soil  salinity  prediction,  automated  crop  identifi- 
cation on  a by-field  basis,  and  a potential  input  to  the  determination  of  zones 
of  equal  benefit  taxation  are  briefly  touched  upon. 

Techniques  developed  are  considered  economical,  accurate,  and  timely  in 
comparison  to  conventional  methods.  Particular  emphasis  in  these  investigations 


★ 

This  research  was  performed  as  part  of  the  ongoing  NASA-funded  project  entitled 
"An  Integrated  Study  of  Earth  Resources  in  the  State  of  California  Using  Remote 
Sensing  Techniques,"  NASA  NGL  404-S5  Estes  4/75,  undertaken  as  a multi-campus 
project  by  the  University  of  California. 
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has  been  placed  upon  the  development  of  techniques  ultimately  employable  by  user 
agency  personnel. 


INTRODUCTION 


Hydrologic  modeling  In  arid  regions  Is  an  Important  step  in  maximizing  the 
efficiency  of  water  use.  Efficient  water  management  requires  the  ability  to  pre- 
dict how  a water  bas  n will  respond  to  various  meteorological  and  operational  con- 
ditions. The  complexity  of  such  a task.  In  terms  of  both  conceptualization  and 
data  requirements,  usually  necessitates  the  use  of  mathematical  models  for  the  ef- 
fective integration  of  ground  and  surface  water  supplies  into  an  optimal  management 
program.  In  an  attempt  to  ascertain  the  ability  of  remote  sensing  systems  to 
eronomically  generate  accurate  and  timely  data  as  may  be  required  by  such  models, 
personnel  of  the  Geography  Remote  Sensing  Unit  (GRSU)  at  the  University  of  Calif- 
ornia, Santa  Barbara,  are  presently  Involved  in  a cooperative  research  program  with 
the  Kern  County  Water  Agency  (KCWA),  California,  to  determine  the  extent  to  which 
remotely  sensed  data  can  provide  input  into  a model  of  the  Kern  County  groundwater 
reservoir.  The  model  itself  v:as  developed  and  is  currently  being  refined  by  the 
TEMPO  Center  for  Advanced  Studies,  Santa  Barbara,  under  contract  to  KCWA  and  the 
California  Department  of  Water  Resources. 

Within  Kern  County,  the  geographical  focus  of  this  study,  county-wide  juris- 
diction for  water  resource  management  lies  with  KCWA.  KCWA  (see  Figure  1)  is  re- 
sponsible for  the  forecasting  of  water  supply  and  demand  (on  both  a short  and  long- 
term basis)  as  well  as  the  allocation  and  pricing  of  water  to  15  cooperating  water 
districts  (2  municipal  and  13  rural  districts)  within  the  county.  In  recent  years 
Kern  County  has  experienced  an  increase  in  agricultural  acreage  due  to  the  input 
of  new  water  supplies  from  the  California  Water  Project.  This  input  of  new 
water,  with  its  effect  on  agriculture,  has  made  the  need  for  methodologies  to 
increase  the  effectiveness  of  water  management  decisions  all  the  more  important. 

One  response  of  the  KCWA  has  led  to  the  development,  previously  mentioned,  of  a 
mathematical  model  of  the  water  basin  underlying  the  San  Joaquin  Valley  portion 
of  Kern  County.  This  portion  of  Kern  County  contains  the  overwhelming  proportion 
of  the  county's  agricultural  holdings  and  as  such,  information  concerning  this 
area  is  most  important  to  the  operation  of  the  model.  In  addition  to  establishing 
a close  working  relationship  with  KCWA  personnel,  GRSU  researchers  also  contacted 
a number  of  other  local,  state  and  federal  agencies  with  responsibilities  in  the 
area  of  water  supply  and  allocation.  Principal  among  these  agencies  was  the 
California  Department  of  Water  Resources  (DWR).  Both  DWR  and  particularly  KCWA, 
continue  to  play  an  important  and  interactive  role  in  our  research  activities. 

They  have  done  so  by  detailing  their  current  water  resource  activities,  suggesting 
potential  remote  sensing  applications,  providing  "ground  truth"  data,  and  evaluat- 
ing the  potential  utility  of  our  methodologies  to  meet  their  present  and  projected 
data  requirements. 

In  addition  to  these  two  major  agencies  other  agencies  and  organizations 
concerned  with  water-related  parameters,  or  having  an  expertise  in  crops,  soils, 
hydrology  modeling,  etc.,  have  also  been  contacted  on  an  "as  needed"  basis.  These 
contacts  were  made  primarily  to  aid  in  the  interpretation  and  definition  of  envi- 
ronmental parameters  important  in  terms  of  hydrologic  modeling.  Notable  among 
these  contacts  have  been: 
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1.  University  of  California 
Agricultural  Extension 
Service  at  Bakersfield 

2.  Lost  Hills  Water 
District 


6.  Kern  County  Water 
Association  (at  their 
request  a slide  discussion 
of  6RSU  activities  In  Kern 
County  was  presented  to 
their  Board  of  Directors) 


3.  Semltroplc  Water 
District 

4.  Wheeler  Ridge-Marl copa 
Water  District 

5.  United  States  Salinity 
Laboratory  at  Riverside 


7.  United  States  Department  of 
Agriculture's  Soil  Conservation 
Service 

8.  Kern  County  Agricultural 
Commission 

9.  TEMPO  Center  for  Advanced  Studies^ 


KCWA  Water  Accounting  Model 


The  computer  model  of  Kern  County  is  not  a water  demand  model,  per  in 
that  its  major  purpose  is  the  total  simulation  of  water  transmission  and  storage 
throughout  most  of  the  Kern  County  water  basin.  Therefore,  the  model  might  be 
more  appropriately  referred  to  as  a "water  accounting  model."  As  Kern  County  is 
mainly  a "water-demanding"  environment,  that  is,  its  arid  climate  and  extensive 
agriculture  requires  extensive  importations  of  water,  it  is  appropriate  to  examine 
all  model  inputs  for  possible  remote  sensing  applications. 

The  construction  of  the  model  utilized  by  KCWA  is  based  upon  the  following 
assumptions:  1)  that  a »*eal-world  water  basin  consists  of  interbedded  layers  of 

sands,  clay,  silt  and  gravels  which  are  saturated  to  some  level  with  water  and 
upon  which  a variety  of  land  uses  are  superimposed;  and,  2)  that  the  mathematical 
modeling  of  such  a complex,  heterogeneous  mass  requires  that  the  total  complex 
be  subdivided  into  more  workable  units  of  smaller  size  with  greater  homogeneity 
assumed,  i.e.,  generalizations  made. 

Within  the  context  of  the  model  the  subdivisions  that  have  been  made  and  the 
assumptions  related  to  them  include:  1)  subdivision  of  the  surface  area  of  Kern 

County  into  251  polygons  or  nodal  areas  (see  Figure  2),  most  of  which  represent 
one  quarter  of  a township  or  approximately  24  square  kilometers;  2)  the  designation 
of  a center  point  in  each  polygon  which  is  termed  its"node"  (all  events  or  circum- 
stances occurring  in  the  area  corresponding  to  a given  polygon  are  assumed  to  occur 
at  the  node);  and,  3)  the  movement  of  water  from  one  polygon  to  another  is  assumed 
to  occur  along  the  lines  or  "flow  paths"  connecting  the  nodes.  The  insert  in 
Figure  2 illustrates  how  the  system  operates  and  depicts  how  the  area  of  Kern 
County  has  been  subdivided.  It  is  on  the  basis  of  these  subdivisions  that  data  is 
collected  as  input  to  the  model,  that  is  to  say,  data  is  collected  and  generalized 
for  each  nodal  region.  The  final  model  also  takes  into  account  complications 
resulting  from  the  existence  of  multilaye’'ed  aquifers,  subsidence,  perched  water 
tables  and  other  water-related  phenomena. 


^ TEMPO  received  the  original  contract  for  the  development  of  the  KCVIA  ground 
-v/atar-basin  model  and  continues  to  be  responsible  for  its  operation. 
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Before  remote  sensing  techniques  could  be  used  to  generate  meaningful  Inputs 
to  this  water  demand  model  It  was  necessary  to  determine  exactly  what  types  of  In- 
put were  likely  to  be  useful.  Based  upon  an  analysis  of  the  KCWA  model,  listings 
of  all  external  quantities  that  serve  as  Inputs  to  the  model  were  compiled  (see 
Table  I)  with  the  aid  of  KCWA  personnel  and  the  following  steps  taken:  1)  all 
data  Inputs  were  precisely  defined;  2)  related  data  Inputs  were  grouped  and 
categorized;  3)  present  sources  of  Input  data  were  Identified;  and,  4)  preliminary 
determinations  were  made  as  to  which  Inputs  could  possibly  be  generated  more 
efficiently  utilizing  remote  sensing  technology.  Based  on  this  analysis.  It  was 
determined  that  remote  sensing  could  provide  Immediate  Inputs  Into  the  model  in 
several  critical  areas.  These  critical  model  Inputs  are  listed  In  Table  II.  The 
remainder  of  this  paper  will  discuss  In  detail  two  major  research  areas  Illustrative 
of  the  types  of  investigations  being  conducted  by  GRSU  personnel  to  assess  the 
ability  of  remote  sensing  to  generate  model  input  data.  These  areas  are:  1)  Crop- 

lands mapping  Including  the  need  and  rationale  for  both  general  and  specific  crop 
data  and  their  impact  on  agricultural  water  demand  prediction;  and,  2)  an  investi- 
gation of  the  magnitude  of  the  soil  salinity  problem  in  Kern  County.  Other  research 
topics  such  as  soil  salinity  prediction,  the  analysis  of  soil  moisture  and  specif- 
ically perched  water  and  methods  of  automating  specific  location  of  crop  type  on  a 
by-field  basis  would  carry  this  paper  beyond  practical  page  limitations.  Information 
concerning  these  topics  may  be  found  In  Estes,  et  al . , 1975. 


Croplands  Mapping 


The  most  dynamic  element  of  water  movement  into  and  through  the  Kern  County 
groundwater  basin  occurs  as  a result  of  the  application  of  irrigation  water  on  the 
agricultural  lands.  In  comparison  to  an  average  Southern  San  Joaquin  Valley  pre- 
cipitation rate  o'  7.6  cm  (3  in.)  to  12.7  cm  (5  in.)  per  year,  the  average  irriga- 
tion rate  is  4196  m^  (3.38  acre-feet)  per  year  or  approximately  103  cm  (40.6  in.). 
Irrigation  water  may  be  pumped  from  the  groundwater  basin  itself  or  imported  from 
other  regions  of  the  state.  Presently,  approximately  1,418,525,000  m3  (1,150,000 
acre-feet)  of  water  is  imported  yearly  while  future  contractual  agreements  call 
for  2,035,275,000  m^  (1,650,000  acre-feet)  by  1990. 

An  estimate  of  the  "modelwide"  water  flow  resulting  from  irrigation  activities 
can  be  generated  from  knowledge  of  the  total  irrigated  acreage  and  the  average 
application  rate.  By  subtracting  the  known  amount  of  imported  water,  an  estimate 
can  also  be  obtained  of  the  county's  groundwater  pumpage.  If  the  KCWA  model 
operated  only  at  a general  model wide  scale  effective  use  could  be  made  of  multi- 
stage sampling  techniques  combining  ground  sampling  and  remote  sensing  to  estimate 
total  irrigated  acreage.  However,  the  model  does  not  operate  at  such  a general 
level  and  except  for  providing  a method  for  monitoring  general  trends  such  informa- 
tion is  of  little  value.  In  fact,  it  is  a model  requirement  that  the  spatial 
dimension  of  cropland  data  be  retained  at  least  to  the  nodal  level  of  aggregation, 
i.e.,  sampling  has  to  be  intensive  enough  to  assure  high  spatial  accuracies.  Many 
sampling  techniques  are  impractical  under  the  restrictions  imposed  by  the  KCWA 
model,  while  mapping  approaches  such  as  those  explored  by  the  GRSU,  have  been 
found  both  accurate  and  cost-effective.  In  order  to  test  the  potential  of  remotely 
sensed  data  to  provide  information  concerning  croplands  as  model  inputs  research 
was  directed  towards  a comparison  of  several  methodologies  which  employed  remotely 
sensed  data,  and  conventional  ground  survey  techniques.  This  research  documented 


2588 


both  the  relative  and  absolute  accuracy  as  well  as  the  cost-effectiveness  of  Inven- 
torying croplands  by: 

1.  Conventional  cropland  Inventory 

2.  Highfllght  1 :125, 000  methodology 

3.  LANDSAT  1:1,000,000  methodology 

a.  Multiband/multidate  optical  enlargement 

b.  Multiband/multidate  color  composites,  optically 
enlarged. 

Ground  truth  Information  employed  In  the  assessment  of  the  Interpretation 
accuracies  associated  with  this  portion  of  our  research  were  compiled  by  the  Lost 
Hills  31,036  hec  (76,691  acres).  Semitropic  90,649  hec  (224,000  acres),  and  Wheeler 
Ridge-Marl copa  62,847  hec  (155,300  acres)  Water  Storage  Districts  located  In  Kern 
County  (see  Figure  3 for  district  boundaries).  The  districts  determined  the 
August,  1974,  condition  of  fields  (cropland  or  non-cropland)  by  terrestrial  examin- 
ation. These  data,  although  recognized  as  having  their  own  variance,  served  as  a 
control  against  which  the  remote  sensing  methodologies  were  tested  for  accuracy. 

Individual  water  district  costs  associated  with  the  acquisition  of  the 
terrestrial  cropland  data  are  summarized  in  Table  III.  The  total  estimated  cost 
for  conducting  this  184,533  hec  (456,000  acre)  inventory  for  all  three  districts 
comes  to  $3,000  and  requires  6 weeks  to  implement.  At  this  rate  the  cost  for 
inventorying  each  4,047  hec  (10,000  acre)  of  cropland  is  approximately  $66.00. 

The  California  Department  of  Water  Resources  (DWR)  has  estimated  that  a 
croplands  survey  of  Kern  County  could  be  undertaken  for  approximately  $5,000. 

This  would  require  the  assessment  of  over  647,496  hec  (1,600,000  acre)  potentially 
Irrigable  acres  of  land  to  ascertain  whether  each  acre  is  currently  cropland  or 
non-cropland  (in  the  case  of  Kern  County  basically  Irrigated  vs.  non- Irri gated ) . 

Thus,  the  DWR  croplands  inventory  cost,  utilizing  oblique  color  aerial  photography 
(35mm)  and  some  ground  truth,  is  estimated  to  be  $31.25  per  4,047  hec  (10,000  acre). 
Therefore,  the  cost  would  be  $1424  for  DWR  to  inventory  the  456,000  acres  in  the 
three  water  districts  under  investigation. 

Croplands  Inventory  Utilizing  Highfllght  1:125,000  Color  Infrared  Photography. 

To  assure  a uniform  scale  In  the  highfllght  cropland  inventory  maps  generated  for 
KCWA,  mapped  data  is  transferred  to  an  acetate  copy  of  a photogrammetrically 
controlled  1:125,000  basemap.  These  maps  include  all  nodal  and  section  boundaries 
In  the  valley  portion  of  Kern  County.  As  the  1:125,000  highflight  image  scale 
corresponds  almost  exactly  with  the  1:125,000  basemap  the  visual  transfer  of  crop- 
land detail  can  be  accomplished  with  relative  ease  and  without  ancillary  equipment. 

A majority  of  field  boundaries  and  roads  follow  section  lines.  Whenever  a variation 
between  photo  and  map  scale  exists,  such  as  that  introduced  by  geometric  distortions 
away  from  the  nadir,  the  photograph  (or  map)  can  be  adjusted  on  a section  by 
section  basis.  Normally,  realignment  is  necessary  only  every  few  townships  if 
the  major  portion  of  the  area  under  Investigation  is  in  the  central  portion  of 
the  photography. 

As  would  be  expected  the  primary  object  recognition  feature  for  identifying 
croplands  is  the  magenta  signature  expressed  for  healthy  vegetation;  however, 
hue  may  vary  from  dark  to  light  in  agricultural  production  areas  depending  upon 
the  stage  of  the  phenological  cycle  that  a specific  crop  is  in.  The  optimum 
date  for  utilizing  highflight  photography  for  croplands  inventories  in  Kern  County 
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has  now  been  documented  as  being  August,  which  Is  the  height  of  the  growing  season. 
A minor  problem  which  exists  with  respect  to  the  application  of  single  data  hlgh- 
fllght  photography  has  been  that  abandoned  fields  are  often  difficult  to  differen- 
tiate from  fallow  fields.  In  addition,  uniform  grasslands  completely  enclosed  by 
croplands  are  at  times  misinterpreted  as  Irrigated  crops. 

Table  IV  Illustrates  that  for  the  184,533  hec  (456, uOO  acre)  In  the  three 
Water  Districts  studied,  the  highfllght  croplands  Inventory  had  a mean  relative 
and  absolute  error  of  1.475S  and  2.82%  respectively.  This  means  by  utilizing  high- 
fllght photography  to  acquire  cropland  data  on  a spatial  nodal  basis,  that  out  of 
116,833  hec  (288,701  acre)  classified  as  being  cropland  greater  than  97%  of 
these  lands  were  correctly  Inventoried. 

The  cost  for  acquiring  croplands  data  by  CIR  highfllght  Imagery  is  cost- 
effective  when  compared  to  terrestrial  conventional  methods.  By  referring  to 
Table  III  It  can  be  seen  that  for  each  4047  hec  (10,000  acre)  inventoried  the 
cost  Is  approximately  $.87  per  4047  hec  (10,000  acre).  The  $40.00  it  cost  to 
acquire  remotely  sensed  cropland  data  for  the  three  districts  represents  only 
1.3%  of  the  $3000  cost  incurred  by  the  water  storage  districts  Inventory.  Time 
required  for  the  GRSU  to  complete  this  three  district  analysis  is  minimal  (only 
8 hours).  Each  district  requires  a maximum  of  only  three  9"  X 9"  transparencies 
which  are  at  the  same  scale  as  the  basemap.  Despite  the  high  accuracies  and  cost 
effectiveness  of  Inventoring  croplands  with  highfllght  Imagery  which  we  indicate 
here  it  must  be  kept  In  mind  that  this  analysis  does  not  take  into  consideration 
the  cost  of  aircraft  mobilization  or  Image  acquisition. 

Croplands  Inventory  Utilizing  LANDSAT  1:1.000,000  Multiband  (Bands  5 and  7), 
Multidate  Optical  Enlargement  Techniques.  Several  problems  encountered  with 
the  highflight  1:125,000  technique  are  solved  by  using  LANDSAT  scale  imagery,  with 
no  loss  in  accuracy.  For  example,  the  problem  of  acquiring  multidate  imagery  of 
a specific  study  area  is  simplified  because  LANDSAT  type  imagery  is  currently 
available  at  9-day  intervals  for  all  the  earth's  croplands.  Atmospheric  conditions 
permitting,  user  agencies  can  now  acquire  sufficient  imagery  throughout  the  year 
to  conduct  a cost-effective  cropland  Inventory.  The  synoptic  view  and  greater 
geographic  coverage  (109  X 109  nautical  miles)  per  frame  is  a further  benefit  as 
a greater  amount  of  land  can  be  inventoried  on  a single  frame  resulting  in  a 
smaller  expenditure  for  imagery.  Of  particular  importance  is  the  multiband  (4,  5, 
6,  7)  capability  of  multispectral  scanner  data  which  allows  the  user  to  choose 
those  bands  best  suited  to  detecting  cropland  in  a particular  environmental  study 
area. 


Copies  of  a 1:125,000  scale  basemap  of  the  three  districts  were  produced  and 
distributed  to  interpreters.  By  using  an  optical  enlarging  instrument  each 
interpreter  was  instructed  to  inventory  the  croplands  of  the  three  districts 
separately.  Each  interpreter  utilized  the  same  5 dates,  which  were  previously 
determined  as  being  optimum  In  terms  of  resolution,  percent  cloud  cover,  and 
date  In  the  phenological  cycle.  By  utilizing  an  optical  enlarging  instrument  the 
interpreter  can  simultaneously  view  a single  data  (single  band)  of  LANDSAT  imagery 
and  the  1:1?5,000  basemap.  For  each  date  of  imagery  a separate  analysis  of  crop- 
land acreage  was  recorded.  A composite  map  of  the  5 single  overlays  was  then 
generated  with  the  most  recent  data  of  imagery  being  used  as  the  data  base  and 
all  Jata  discrepencies  between  this  and  earlier  dates  being  carefully  analyzej. 

In  this  manner  a composite  LANDSAT  cropland  map  was  generjted  by  each  interpreter 
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for  each  district  and  these  maps  were  compared  against  the  ground  truth  district 
maps  to  assess  Interpretation  accuracy.  The  results  In  Table  IV  represent  the 
mean  crop! and/non-cropland  acreage  estimates  for  Interpreters  Involved  In  the 
Inventory  of  each  district. 

The  mean  relative  error  for  LANDSAT  cropland  Inventories  was  found  to  bii  .ss 
than  U,  while  the  mean  absolute  error  was  less  than  2%.  This  Is  significant 
because  even  though  the  scale  has  been  decreased  and  resolution  degraded  when 
compared  to  highfllght  1:125,000  Imagery,  the  LANDSAT  technique  Is  capable  of 
achieving  better  relative  and  absolute  accuracies  of  99%  and  96%  respectively. 

The  Interpreters  Involved  In  this  research  attribute  this  to  the  multidate  capacity 
of  LANDSAT  to  provide  good  resolution  for  many  dates  throughout  the  growing  season. 
Also,  band  5 (.6  - .7  um)  was  judged  the  optimum  spectral  region  for  the  analysis 
as  It  Imaged  plant  agricultural  fields  as  being  dark  against  a lighter  background, 
thus  facilitating  both  the  process  of  Interpretation  and  transfer  of  detail. 

By  analyzing  Table  III  it  can  be  seen  that  the  costs  associated  with  Inventory- 
ing the  three  districts  via  LANDSAT  overlays  Is  approximately  $82.50  or  $1.81 
per  4047  hec  (10,000  acre).  The  relatively  higher  cost  per  district  for  this  type 
of  inventory  compared  to  highfllght  Is  due  to  the  longer  time  required  to  compile 
the  15  separate  overlay  maps,  with  the  mean  time  per  date  (single  band)  for 
creating  an  overlay  being  1 hour.  Certainly  more  dates  (single  band)  could  be 
interpreted  to  develop  the  composites  but  to  acquire  a U increase  In  accuracy 
would  require  a 50%  increase  In  interpretation  time  and  costs.  The  GRSU  feels  that 
a 5 band  LANDSAT  composite  costing  only  $1.81  per  10,000  acres  at  98%  absolute 
accuracy  is  sufficiently  cost-effective  for  most  cropland  inventory  user  needs. 

Croplands  Inventory  Util izing  Multidate,  Multiband  Color-Combined  LANDSAT 
Imagery.  After  some  initial  experimentation  It  was  found  that  when  band  5 and 
7 of  a single  or  multiple  date  of  LANDSAT  imagery  are  color  combined  (band  5 
filtered  with  a green  filter  and  band  7 with  a red  filter)  that  a color  combination 
takes  place  which  facilitr.tes  the  interpretation  of  croplands.  In  many  situations 
band  5 and  band  7 image  the  reciprocal  signature  of  one  another  with  respect 
to  agriculture  or  other  forms  of  vegetation.  Agricultural  cropland  usually 
registers  as  dense  (dark)  on  band  5 and  transparent  (approaching  clear)  on  band  7. 
The  following  example  will  serve  to  explain  the  significance  of  this  band  S 
and  7 dichotomy  as  it  relates  to  color  combining.  When  color  film  is  exposed 
through  a green  filter  with  band  5 back-lit  by  white  light,  the  opacity  of  an 
agricultural  field  will  allow  very  little  green  light  to  expose  the  negative. 
Conversely,  when  the  same  field  in  band  7 is  registered  in  the  exact  location, 
back  lighted,  and  exposed  through  a red  filter,  the  transparency  (less  dense)  of 
the  field  will  allow  the  transmission  of  red  light.  This  will  expose  the  emulsion 
with  red  light  and  create  a dark  red  image  when  the  latent  Image  is  chemically 
processed.  When  the  signature  of  a field  is  mid-gray  In  density  on  either  band  5 
or  7 then  various  hues  of  p*-een-yel low-red  are  created.  By  carefully  training 
with  the  known  color  combine^  signature  of  bare  soil,  fallow  and  cropped  fields 
it  is  possible  to  Identify  these  conditions  with  considerable  accuracy.  The  image 
interpreters  were  also  given  a 3-color  composite  and  trained  to  interpret  signatures 
for  bare  soil,  fallow  and  cropped  lands. 

Separate  overlays  w»re  made  for  each  color  composite  with  a final  cropland 
map  for  each  district  being  a synthesis  of  the  three  maps.  By  examining  Table  IV 
it  is  apparent  that  the  color-composite  cropland  relative  and  absolute  accuracies 


compare  favorably  with  the  highfllght  methodology  while  the  non-cropland  accuracies 
are  the  poorest  of  the  methods  tested.  In  effect,  the  3.78%  absolute  error  for 
non-croplands  means  that  the  Interpreter  assessed  several  fields  as  non-cropland 
while  the  district  field  crews  Identified  them  as  cropland.  GRSU  believes  that 
the  reason  for  this  misinterpretation  may  be  due  to  two  factors.  First,  the 
dates  chosen  may  not  be  the  optimum  color  combinations  for  Inventorying  croplands 
In  this  region.  This  may  be  the  case  even  though  the  particular  dates  employed 
were  chosen.  Initially,  because  of  their  high  accuracy  when  used  In  the  LANDSAT 
black  and  white  analysis.  Additional  research  may  Identify  certain  dates  which 
when  color  composited  yield  a more  optimum  enhancement.  Secondly,  although 
Interpreters  were  trained  as  to  what  each  specific  color  should  represent,  there 
was  some  fmblgulty  at  certain  times  as  to  what  color  the  Interpreter  was  actually 
viewing.  This  we  believe  led  to  errors  at  the  cropland/natural  vegetation  Inter- 
face where  most  of  the  Interpretation  errors  associated  with  this  test  seemed  to  be 
concentrated  (specifically,  near  the  saline  and  perched  water  drainage  areas). 

In  several  Instances  It  was  found  that  for  the  2-color  composites  a greenish-red 
hue  could  systematically  be  misinterpreted  by  several  Interpreters  when  the  value 
(tone)  Is  very  light. 

In  *'»rms  of  cost,  the  color  composite  methodology  lies  midway  between  the 
h1r>’fl  : and  LANDSAT  black  aiid  white  Inventories.  Tabis  III  Illustrated  that  the 

coior  composite  inventory  was  $1.48  per  4047  hec  (10,000  acre)  or  $67.50  for  the 
entire  184,533  hec  (455,991  acre)  of  the  three  combined  districts. 

Croplands  Inventory  and  a Summary.  In  terms  of  overall  mean  relative  and 
absolute  accuracy,  the  LANBSAt  multidate,  imiltiband  black  and  white  analysis 
yielded  the  best  results,  98%  accuracy.  The  highfllght  method  Is  a serious 
alternative  which  can  be  very  accurate  if  coverage  Is  available  for  a specific 
study  area.  The  LANDSAT  color  combined  estimate  fell  somewhat  short  of  GRSU's 
expectations  In  terms  of  absolute  accuracy  which  may  In  reality  be  to  some  extent 
a function  of  the  dates  selected  for  this  Investigation.  Nevertheless,  when  all 
three  techniques  are  compared  together  at  no  point  do  the  mean  relative  or 
absolute  accuracies  fall  below  96%  (Table  IV). 

The  remote  sensing  croplands  Inventories  documented  are  cost-effective  (Table 
III).  Compared  to  the  $31-66  cost  per  4047  hec  (10»000  acre)  for  the  DWR  and 
Water  District  cropland  Inventories,  the  highfllght  and  LANDSAT  Inventories  required 
only  2-4%  of  this  amount;  $.87-1.81  per  4047  hec  (10,000  acre).  The  mean  time 
for  the  OWR  and  Water  District  Inventories  was  235  hours  while  the  remote  sensing 
inventories  required  only  12  hours.  This  represents  a 95%  reduction  in  time  when 
croplands  are  Inventoried  using  highflight  or  LANDSAT  techniques. 


AGRICULTURAL  WaFCR  DEMAND  PREDICTION 


The  Kern  County  hydrologic  system  Is  complex  and  dynamic.  The  most  dynamic 
element  of  this  system  is  irrigation  water  applied  to  agricultural  lands.  This 
water  may  eithe»*  be  pumped  from  local  groundwater  basins,  decreasing  groundwater 
levels,  or  imported  from  other  regions,  thus  Increasing  groundwater  levels.  At 
present,  approximately  1,418,525,000  m^  (1,150,000  acre-feet)  of  water  is 
Imported  yearly  through  state  and  federal  projects.  The  exact  amount  of  ground- 
water pumpage  is  not  known,  nor  is  the  total  amount  of  irrigation  water  applied  to 
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the  land.  Estimates  of  these  amounts  are  needed  as  Imputs  to  periodically  verify 
the  KCWA  hydrologic  mooel. 


As  will  be  seen  below,  the  most  generalized  method  of  estimating  the  total 
amount  of  Irrigation  water  Is  to  multiply  the  amount  of  Irrigated  cropland  acreage 
by  an  empirically  derived  county~w1de  average  application  rate.  A more  specialized 
and  more  accurate  procedure  Involves  the  utilization  of  the  individual  irrigation 
rates  of  different  crops.  In  this  method  the  amount  of  Irrigated  acreage  for 
each  crop  Is  multiplied  by  each  crop's  specific  Irrigation  rate  (see  Table  V), 
which  are  derived  empirically  through  the  observation  of  test  plots.  This  results 
In  crop-specific  water  demand  predictions.  The  water  demand  estimates  of  each 
of  the  crops  are  then  totaled  to  produce  the  total  water  demand  prediction. 

After  estimating  the  total  water  demand  the  amount  of  ground  basin  pumpage  can  be 
calculated  by  subtracting  the  amount  of  Imported  water  from  the  total  demand. 


A wide  spectrum  of  techniques  ha.e  been  Investigated  to  generate  agricultural 
water  demand  predictions  (see  Figure  4).  The  procedures  vary  accordinq  to  the 
generality  of  the  data  Inputs.  The  most  generalized  method  utilizes  a county-wide 
average  irrigation  rate  which  1s  applied  over  several  successive  years  to  district- 
wide cropland  acreage  values.  On  the  other  end  of  the  spectrum,  the  most  specific 
procedure  applies  crop-specific  irrigation  rates  to  crop-type  acreages,  which  have 
been  measured  annually  on  a nodal  basis.  The  GRSU  is  investigating  elected 
procedures  from  this  range  of  possible  techniques  in  order  to  determine  and 
develop  optimum  procedures. 


Water  Demand  Prediction  Based  on  Cropland  Data.  This  study  was  focused  on  the 
Lost  Hills  Water  District  in  Kern  County.  This  district  is  advantageous  for  study 
because  it  is  depene’ent  on  imported  water  for  its  irrigation;  i.e.,  no  ground- 
water  pumpage  is  known  to  occur.  The  total  amount  of  irrigation  water  used  can 
thus  be  determined  by  examining  canal  records.  This  allows  the  district  to  be 
used  as  a test  area  for  methods  of  predicting  total  water  demand. 


As  previously  stated  the  most  fundamental  method  ►>eing  investigated  by  the 
GRSU  entails  the  multiplication  of  the  number  of  cropland  acres  by  a county- 
wide average  irrigation  rate  This  irrigation  rate,  3.38  acre-feet/gross  acre,  has 
been  derived  from  county-wide  data  on  crop-type  acreages  and  crop-specific 
average  Irrigation  rates  (based  up  1969  data).  The  cropland  acreage  values  used 
in  this  analysis  have  been  obtained  through  the  croplands  mapping  techniques 
discussed  earlier  in  this  paper.  GRSU  personnel  have  mapped  and  measured  cropland 
acreages  in  each  Lost  Hills  node  for  the  years  1971,  1972,  1573,  and  1974.  These 
acreage  values  have  been  multiplied  by  average  irrigation  "ates  to  yield  water 
demand  predictions  for  each  node  for  the  years  1971  through  1974  (see  Table  VI). 
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The  district-wide  mean  error  for  all  years  examined  is  38%,  an  unacceptable 
level  to  be  of  much  use  for  the  model.  The  predictions  are  consistently  over- 
estimations, suggesting  that  a corrective  estimator  ratio  could  be  calculated  and 
applied  to  reduce  the  known  bias.  Such  values  have  been  obtained  (Estes,  et  al., 
1974)  but  as  estimator  ratios  can  only  be  calculated  with  knowledge  of  the  total 
amount  of  applied  water  (such  as  that  available  for  Lost  Hills  from  canal  records) 
such  an  approach  would  involve  a great  deal  of  field  investigations  to  determine 
the  amount  of  groundwater  pumpage  to  be  added  to  the  amount  of  canal  water  applied 
4n  alternative  approach  is  discussed  below. 


Water  Demand  Prediction  Based  on  Crop  Type  Data.  The  crop  pattern  in  Lost 
Hills  IS  continually  changing,  as  is  the  average  irrigation  rate  (Figure  5). 

Assuming  that  there  is  a trend  in  this  change,  a decrease  in  water  demand  prediction 
accuracy  would  be  expected  as  the  average  irrigation  rate  being  applied  becomes 
increasingly  outdated.  Although  an  invariable  trend  in  the  change  in  crop  pattern 
or  average  irrigation  rates  does  not  exist.  Table  VI  does  reveal  a general  decline 
in  accuracy  as  the  1969  average  irrigation  rate  becomes  increasingly  out-of-date. 

The  use  of  crop  type  acreages  presented  in  Figure  5 and  their  respective  application 
rates  results  in  refined  water  demand  predictions,  as  shown  in  Table  VII.  The 
mean  district-wide  error  of  8.6%  for  all  years  examined  is  considered  tolerable 
for  model  input  data,  especially  when  the  canal  records  against  which  the  predictions 
are  compared  is  known  to  have  its  own  variance  of  up  to  + 5%. 


The  preliminary  results  of  GRSU  research  into  water  demand  prediction  procedures 
are  encouraging.  Accuracies  of  the  district  water  demand  predictions  generally 
exceed  90%.  However,  some  initial  nodal  results  show  large  variations  in  accuracy. 
Although  the  crop  breakdown  and  acreages  in  a node  are  probably  the  hX)st  important 
factor  determining  its  water  demand,  there  are  many  other  factors  which  have 
to  be  considered.  The  GRSU  is  presently  investigating  the  importance  of  agricultural 
practices  such  as  land  preparat  ■'n,  fallowing  and  dry-farming.  These  activities 
can  be  misinterpreted  on  highflight  photography  as  irrigated  agriculture,  thus 
causing  water  demand  estimations  to  be  too  large  in  the  nodes  where  these  activities 
occur.  It  is  expected  that  mapping  procedures  using  multi-date  LANDSAT  imagery 
will  generally  eliminate  this  problem.  The  GRSU  is  also  investigating  the  possible 
occurrence  of  groundwater  pumpage.  If  groundwater  pumping  is  occurring  in  any 
of  the  Lost  Hills  nodes,  this  will  directly  affect  our  accuracy  values  for  that 
node. 


Inclusion  of  such  factors  which  have  varying  effects  on  different  nodes  in 
a water  demand  prediction  procedure  is  expected  to  produce  nodal  predictions  which 
are  more  accurate  and  consistent  than  previously  obtainable.  GRSU  research  will 
continue  to  focus  on  consideration  of  these  factors  and  on  the  refinement  of 
prediction  techniques  to  operate  on  a nodal  scale  in  the  Lost  Hills  and  other 
Kern  County  Water  Districts. 
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SALINITY 


Th®  Kern  County  area  has  salinity  problems  common  to  many  arid  environments. 
Under  humid  conditions  soluble  salts  originally  present  in  soil  materials  and 
those  formed  by  the  weathering  of  minerals  are  generally  leached  downward  Into 
the  groundwater  and  ultimately  transported  by  streams  to  oceans.  Saline  soils 
are  therefore  practically  nonexistent  in  humid  regions.  Although  weathering  of 
primary  minerals  is  the  indirect  source  of  nearly  all  soluble  salts,  there  are 
few  instances  where  sufficient  salts  have  accumulated  from  this  source  alone  to 
form  a saline  soil.  Instead,  saline  soils  generally  occur  in  areas  that  receive 
salts  from  other  locations  with  surface  groundwater  as  the  primary  carrier. 

Large  quantities  of  soluble  salts  may  be  added  to  irrigated  soils  over  relatively 
short  periods  of  time.  In  Kern  County  considerable  expense  has  been  taken  to 
route  irrigation  water  onto  the  lands;  presently,  however,  only  minimal  consider- 
ation has  been  directed  toward  the  removal  of  saline  drainage  water  from  the 
trough,  lowland  areas.  In  many  arid  regions,  when  bringing  new  lands  under 
irrigation,  farmers  have  frequently  failed  to  recognize  the  need  for  establishing 
artificial  drains  to  care  for  the  additional  water  and  soluble  salts. 

In  any  effective  land  management  program  in  an  arid  region  the  salinity 
variable  must  be  given  significant  attention,  especially  in  regards  to  water 
resource  management.  For  an  effective  management  plan  to  be  developed  an  accurate 
inventory  of  the  areal  distribution  of  saline  soils  is  needed.  However,  the  most 
recent  county-wide  soil  survey  for  Kern  County  was  conducted  over  12  years  ago  by 
the  Department  of  Water  Resources  and  is  in  need  of  revision  in  terms  of  ti.e 
locational  expansion  of  saline-alkali  soils. 

A major  responsibility  of  the  KCWA  is  to  inform  its  water  users  concerning 
preventative  water  management  techniques.  KCWA  dispurses  information  to  users 
concerning  techniques  such  as  tiling,  leaching  and  drainage  to  improve  soil 
productivity.  In  conjunction  with  these  activities,  KCWA  requires  data  which  will 
serve  the  following  purposes: 

1.  Locate  these  agricultural  areas  that  are,  at  present  suffering  the 
most  severe  salinity  related  stress.  Such  areas  would  be  designated 
as  priority  areas  in  terms  of  the  application  of  leaching  and/or 
drainage  water  management  measures. 

2.  Plot  the  distribution  of  salt  damaged  areas  in  relation  to  topographic 
relief,  soils,  geology,  and  proximity  to  natural  drainage  channels. 

Such  data  will  enable  KCWA  to  select  the  optimum  locations  for  a series 
of  lateral  drains  that  will  be  designed  in  such  a manner  as  to  alleviate 
both  the  perched  water  and  salinity  problems  for  many  years. 

3.  Provide  soil  salinity  data  on  a nodal  basis  which  will  serve  as  input 
to  the  KCWA  Hydrologic  Model. 

4.  Finally,  as  additional  information,  KCWA  and  other  agencies  would  like 
to  locate  those  areas  of  natural  vegetation  that  are  not  in  cropland 
because  of  excessive  concentrations  of  salts  but  which  could  be  brought 
into  production  if  proper  leaching  and  drainage  practices  were  implemented. 
In  Kern  County  every  acre  of  land  brought  into  production  generates,  on 
the  average,  an  income  of  approximately  $800  per  year.  (The  crop  value 

of  a section  of  land  would  therefore  be  approximately  $500,000). 


KCWA  requested  that  the  GRSU  identify  areas  of  salinity  stress  within  our 
study  area.  Based  upon  this  request  a salinity  damage  map  was  produced.  This 
information  is  being  used  by  KCWA  as  justification  for  the  reactivation  of  a 
Central  Valley  master  drain  proposal. 

To  compile  the  salinity  damage  map  (Figure  6)  trained  image  interpreters 
were  assigned  the  task  of  identifying  and  mapping  those  agricultural  areas  of 
Kern  County  which  were  undergoing  salinity  stress.  This  interpretation  was  made 
from  multidate  CIR  1:125,000  scale  photography  with  April,  1974  being  the  most 
recent  date  of  imagery  employed  in  the  analysis.  Interpreters  identified,  on 
a field-by-field  basis,  the  percentage  of  each  field  that  expressed  salinity  stress. 
This  analysis  included  damage  to  croplands  as  well  as  areas  of  natural  vegetation. 

It  is  acknowledged  that  the  stress  categorized  as  salinity  damage  may  in  reality 
be  due  to  other  factors,  e.g.,  improper  water  application  procedures,  disease, 
etc.;  however,  salinity  damage  represents  the  major  agent  for  yield  decrement  in 
Kern  County  and  produces  highly  diagnostic  stress  signatures. 

Interpreters  used  two  major  surrogates  to  aid  in  the  identification  of  the 
salinity  stressed  fields:  native  vegetation  and  crop  cover.  Many  areas  of 
natural  vegetation  are  covered  by  extensive  caliche  deposits.  There  is  no 
question  regarding  the  salinity  of  these  areas  which  typically  show  up  in  the 
50-100%  category  on  the  damage  map.  In  several  areas  of  natural  vegetation,  how- 
ever, the  presence  of  halophytic  vegetation  created  an  interpretation  problem  by 
masking  the  true  salinity  condition.  It  was  found  that  this  problem  could  be 
overcome  by  field  checking  and  by  exploiting  the  fact  that  in  Kern  County 
naturally  vegetated  areas  tended  to  be  nucleated  in  areal  extent.  GRSU  personnel 
have  done  extensive  field  sampling  in  these  areas  of  native  vegetation/caliche  and 
are  confident  of  their  interpietation. 

The  second  and  major  method  of  identifying  salinity  stress  was  to  examine  the 
agricultural  crop  cover.  Multidate  imagery  analysis  techniques  were  used  to 
assure  the  presence  of  crops  in  most  fields.  Hot-spot  scalding,  caliche  deposits, 
and  a mottled  aopearance  of  the  crop  cover  represented  the  major  image  interpretation 
surrogates  used  to  detect  salinity  damage.  The  ability  of  interpreters  to  identify 
and  accurately  classify  those  areas  undergoing  salinity  stress  was  possible 
owing  largely  to  the  program  of  interpreter  training  based  on  extensive  ground 
truthing  undertaken  by  GRSU  personnel.  Five  transects  with  the  known  crop  type, 
soil  type,  and  salinity  data  allowed  the  interpreters  to  use  this  regional 
information  to  train  their  manual  classification  procedure.  It  is  significant  to 
note  that  in  many  instances  a field  may  be  excessively  saline  but  with  a salt 
tolerant  crop  growing  on  it,  e.g.,  cotton,  the  field  may  show  only  moderate 
damage.  However,  if  a nontolerant  crop,  e.g.,  beans,  were  to  be  planted  on  the 
same  field  it  should  register  more  extensive  damage.  This  characteristic  will 
be  considered  in  more  detail  in  the  salinity  prediction  discussion. 

Probably  the  greatest  handicap  encountered  in  compiling  the  Kern  County  Soil 
Salinity  Map  was  the  interpretation  of  salinity  damage  for  bare  soil  agricultural 
fields.  As  might  be  expected  there  are  optimum  *ime  periods  throughout  the  year 
when  a maximum  percentage  of  the  fields  in  Kern  County  are  being  cultivated  and 
have  crop  cover.  For  Kern  County  this  has  been  determined  to  be  the  month  of 
August.  It  has  also  been  concluded  that  the  best  time  for  determining  salinity 
stress  was  in  the  early  stages  of  the  phenological  cycle.  The  relatively 
young  fields  do  not  possess  a coalescing  canopy  of  vegetation  complete  enough  to 
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mask  the  effects  of  salinity. 


At  present  the  greatest  problem  encountered  Is  the  point  sampling  methodology 
used  to  gather  ground  truthed  salinity  values.  In  Figure  7 It  Is  evident  that  the 
correlation  between  the  damage  class  and  the  actual  point  salinity  values  Is  not 
consistent.  Examination  of  the  50-100%  damage  class  shows  that  actual  field 
sampled  salinity  values  as  low  as  0.2  (Ece)  have  been  classified  In  this  category. 
Although  a general  Increasing  trend  exists  from  the  lower  to  higher  damage  clas'es, 
the  extreme  overlap  of  the  higher  damage  classes  upon  the  lower  classes  (especially 
In  the  lower  soil  salinity  values,  where  all  damage  classes  Include  salinity 
values  £ 1 mnhos/cm  Ece)  was  not  expected.  Field  sampling  to  date  suggests  that 
this  Is  the  result  of  the  variable  distribution  of  salinity. 

As  part  of  our  continuing  effort  to  evaluate  the  nature,  extent,  and  variability 
of  salinity  distributions  and  their  associated  problems,  GRSU  has  recently  under- 
taken an  intensive  field  sampling  effort  In  a limited  geographic  region.  To  date, 

13  fields,  each  approximately  65  hec  (160  acres)  In  size,  have  been  Intensively 
sampled.  Figure  8 depicts  one  of  these  Intensively  sampled  fields  and  shows  the 
wide  variation  of  salinity  values  that  can  be  found  within  a single  field.  In 
this  particular  example  the  mean  salinity  value  for  all  samples  taken  Is  7.2  mnhos 
Ece,  while  individual  readings  range  from  0.6  to  47.0  timhos.  One  purpose  of  this 
intensive  sampling  is  to  fccurately  document  field  salinity  distributions  in  such 
a manner  that  a sampling  methodology  can  be  developed  making  optimum  use  of  field 
investigation  efforts.  An  even  more  important  use  of  this  data  is  its  input  into 
a remote  sensing  methodology  that  presently  appears  capable  of  predicting  field 
average  soil  salinities  within  our  study  area  by  using  crop  damage  as  a surrogate. 

Based  on  this  investigation  it  has  become  clear  that  the  point  samples  for 
ground  control  fields  should  be  clearly  identified  and  annotated  on  enlarged 
imagery  prior  or  during  the  actual  soil  sampling.  In  this  manner  fields  can  be 
systematically  sampled  in  both  damaged  and  non-damaged  regions  to  determine  the 
best  average  salinity  value  to  be  used  for  the  particular  field  to  develop  a 
correlation  between  damage,  crop  type,  yield  and  salinity  value. 

The  image  interpreters  did  not  use  sample  salinity  values  to  determine  damage 
classes.  Each  field  was  analyzed  individually  to  determine  the  percent  of  visible 
damaje  present.  Another  method  of  assessing  the  accuracy  of  the  percent  damage 
map  is  to  compare  this  areal  analysis  with  some  other  areally  dimensioned  data, 
such  as  soil  type.  Soil  type  classifications  are  typically  general  in  nature. 

Table  VIII  plots  the  four  major  soil  types  found  along  Highway  119  and  the  nu  ^«r  of 
times  a particular  damage  class  was  assigned  to  each  soil  type.  Upon  inspect’ 

592  O’-'  the  samples  taken  in  Tx-PH  (a  typically  high  saline  soil)  were  classif 
by  the  interpreter  as  being  red  (50-1002  damage).  Similarly,  21-472  of  these 
samples  taken  within  the  Cd-TD  (a  low  potential  saline  soil)  region  were  found  to 
exhib’t  green  and  blue  (0-252)  damage.  When  one  considers  that  almost  75%  of 
the  21-100%  damage  occurs  in  Tx-PH  soil,  which  has  the  highest  potential  for 
salinity,  the  interpreter  is  certainly  approaching  an  acceptable  standard  of 
classification  accuracy.  Present  research  activities  include  the  documentation 
of  these  accuracies. 
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CONCLUSIONS 


Agricultural  cropland  inventories  utilizing  both  high  altitude  photography 
and  LANOSAT  imagery  can  be  conducted  cost-effectively  (less  than  $1.50  per 
4047  hec  (10,000  acre))  with  98%  accuracy.  By  using  county-wide  average  irrigation 
application  rates  and  the  cropland  data  an  estimate  of  agricultural  water  demano 
can  be  generated  as  input  to  the  model.  Such  an  estimate  may  have  a large 
variance  from  the  actual  amount  of  applied  water  (Lost  Hills  district-wide  mean 
error  of  38%).  However,  a more  accurate  estimate  (Lost  Hills  district-wide  mean 
error  8.6%)  of  water  demand  is  possible  by  determining  crop  type  acreages  and 
applying  crop  specific  application  rates. 

The  existence  of  saline-alkali  soils  in  the  study  area  affect  crop  yield 
and  water  demand.  KCWA  must  identify  and  assess  the  distribution  of  the  saline- 
alkali  environment  if  an  effective  water  management  program  is  to  be  implemented. 

GRSU  first  identified  the  dimension  of  the  saline-alkali  agricultural  damage  based 
on  photo  interpretation  and  extensive  ground  truth.  Recently,  however,  a 
quantitative  procedure  for  assessing  salinity  damage  based  on  field  tonal  (density) 
values  has  been  developed  which  is  highly  correlated  (r=.76)  with  field  average 
electrical  conductivity  salinity  values. 

At  this  time,  GRSU  is  also  conducting  research  towards  tne  detection  and  delin- 
eation of  water  tables  that  are  "perched"  near  the  surface  by  semi -permeable  clay 
layers  as  another  potential  application  of  remote  sensing  input  to  the  KCWA 
ground-basin  model.  Nearly  14,974  hec  (37,000  acres)  of  this  arid  environment  have 
perched  water  within  10  feet.  The  GRSU  has  investigated  both  high  altitude  color 
infrared  photography  and  LANDSAT  multispectral  imagery  to  determine  their  utility 
for  this  task.  The  use  of  thermal  infrared  imagery  for  this  problem  is  also  being 
investigated.  In  the  near  future  GRSU  personnel  will  also  begin  to  examine  the 
potential  of  remote  sensing  to  provide  KCWA  with  information  concerning  areas  of 
equal  benefit  for  tax  purposes.  Recently,  the  KCWA  hydrologic  model  has  been 
adapted  to  delineate  zones  of  equal  benefits  resulting  from  KCWA  activities.  This 
information  is  being  developed  to  provide  taxation  schedules  in  an  attempt  to 
insure  that  those  who  benefit  from  water  management  policies  will  pay  accordingly. 

The  zones  of  equal  benefit  taxation  schedules  are  based  upon  the  following  principles 

* Not  all  fanners  in  the  region  managed  by  the  KCWA  are  involved  in 

or  pay  for  KCWA  activities.  These  activities  include  the  importation 
of  water,  the  transfer  of  water  from  one  water  district  to  another,  and 
the  recharging  of  groundwater. 

* By  raising  the  groundwater  level,  these  activities  benefit  non- 
participants as  well  as  participants. 

* Accordingly,  the  fairest  taxation  schedule  should  incorporate  these 
benefits  and  be  applied  to  non-participants  as  well  as  participants. 

As  this  type  of  taxation  is  new  it  is  easy  to  appreciate  that  KCWA  is  hesitant 
to  apply  it  until  it  has  confidence  that  the  model  will  withstand  any  legal  chal- 
lenge to  its  validity.  This  application  again  underscores  the  importance  of 
accurate  and  timely  model  input  data. 

Finally,  specific  determinations  as  to  the  overall  benefits  that  accrue  by 
using  remote  sensing  techniques  are  difficult  to  make  principally  because  the  KCWA 
model  is  still  in  an  advanced  developmental  state.  Therefore,  a fixed  set  of  input 


data,  with  specific  associated  costs  for  all  parameters.  Is  not  as  yet  available. 
However,  It  Is  hoped  that  In  the  near  future  It  will  become  possible  to  operate 
the  model  In  two  modes,  one  with  strictly  conventionally  gathered  data  and  the 
other  augmented  by  remote  sensing  data.  This  should  allow  some  estimate  to  be 
made  as  to  the  sensitivity  of  the  model  to  various  accuracies  of  remotely  sensed 
data  and  permit  us  to  analyze  the  economic  Impact  resulting  from  changes  In  the 
estimation  of  critical  parameters. 

Although  our  research  In  this  area  Is,  In  essence,  just  beginning  to  reach 
a productive  stage  the  magnitude  of  potential  benefits  is  readily  apparent.  There 
are  currently  about  900,000  acres  under  Irrigation  In  Kern  County  out  of  1,600,000 
potentially  Irrigable  acres.  The  countywide  crop  value  for  a section  of  land  « 
(640  acres)  Is  approximately  $500,000  ($800  crop  value/acre  x 640  acres/section).'’ 
Therefore,  In  principle,  for  each  ^%  of  Increased  efficiency  in  the  application  of 
irrigation  waters  that  results  from  the  use  of  the  hydrologic  model,  approximately 
12.5  additional  sections  can  be  brought  Into  pn)duct1on.  An  addition  of  this 
magnitude  would  represent  a crop  value  of  approximately  $6,250,000. 

At  the  present  time,  Kern  County  is  ovsrdrafting  its  groundwater  basin.  Even 
with  the  maximum  supplies  of  imported  water  contracted  for  in  1990  (the  demand  for 
which  will  be  realized  in  1980)  Kern  County  will  be  overdrafting  its  basin  if 
irrigated  agricultural  lands  are  expanded  beyond  their  present  areal  extent.  The 
situation  is  critical  and  the  potential  benefits  which  may  occur  as  a result  of 
increased  efficiencies  derived  through  the  utilization  of  remote  sensing  techniques 
can  be  significant. 
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This  is  an  estimate  of  the  1974  crop  value  per  acre  based  on  a projection  from 
the  1973  crop  value  per  acre  rate  of  $720. 
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TABLE  IV 

RELATIVE  AND  ABSOLUTE  ACCURACY  OF  CROPLAND  ACREAGE  ESTIMATES  AS  DERIVED  FROM  HIGHFLIGHT 
PHOTOGRAPHY,  MULT  I DATE,  MULT  I BA', D LANDSAT  AND  COLOR-COMBINED  LANDSAT  IMAGERY 
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TABL:  V - YEARLY  CROP  IRRIGATION  REQUIREMENTS  rOR  KERN  COUNTY 
(AGRICULTURAL  CROP  REPORT,  1973,  COUNTY  OF  KERN) 


Crop 

Yearly  Requirement 

Percent  Total  County 
Irrigated  Acreage 

Barley 

1727  m^  (1.4  acre-fcet) 

n 

Cotton 

3207  (2.6  acre-feet) 

32% 

Alfalfa 

4934  (4.0  acre-feet) 

15% 

TABLE  VI  - LOST  HILLS  WATER  DISTRICT:  WATER  DEMAND 
PREDICTION  USING  THE  KERN  COUNTY  AVERAGE  IRRIGATION 
RATE  AND  CROPLAND  ACREAGES. 


°o  Error 

1971 

1972 

1973 

1974 

Node  2 

+6% 

+32% 

+55% 

+3% 

Node  29 

+24% 

+8% 

+ 11% 

+36% 

Node  30 

+35% 

+1% 

+70% 

+ 78% 

District-Wide 

+24% 

+34% 

+59% 

+33% 

Mean 

Error  for  A 

1 Years 

+38% 

UNIVERSITY  OF  CALIFORNIA  AT  SANTA  BARBARA 
WATER  DEMAND  STUDY  AREA 
IN  KERN  COUNTY,  CALIFORNIA 


Barbara's  waler  demand  study  area  in  Kern 
er  vhich  Kern  County  Water  Agency 


strict  boundaries 


water  demand  prediction  variables  and  procedures 
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Fiqure  4.  Water  Demand  Prediction.  On  the  left  is  the  basic 
water  demand  prediction  procedure  including  listings  of  specific 
variables  and  the  basic  elements  of  the  procedure.  On  the  right 
is  a range  of  possible  prediction  procedures  (from  oeneral  to 
specific)  and  the  procedures  selected  by  GRSU  personnel  to 
generate  water  demand  predictions  as  required  by  the  KCWA  model. 
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Figure  7,  Subsurface  soil  salinity  samples 
transect  Highway  119  and  the  corresponding 


cotton 


AREAL  EXTENT  OF  SNOW  ESTIMATION  IN  THE  NORTHERN  SIERRA  NEVADA  W-23 

MOUNTAINS  USING  LANDSAT-1  IMAGERY 

Uy  Edwin  F.  Katibah,  Rei«^te  Sensing  Research  Program, 

University  of  California,  Berkeley,  California 


ABSTRACT 


irrc-176  09 


Quantification  of  the  sir face  area  of  snow  covering  watersheds  is  believed 
to  lie  a useful  ’ arameter  i . vstimating  snow  water  content  fo”  inclusion  in 
waXcr  runoff  prt-.  iction  ec<!  cions.  This  paper  documents  an  operational  manual 
iir  t rpretation  technique  which  allows  fast  and  accurate  estimates  to  be  made  of 
the  areal  extei.r  of  snow  parameter  using  LANDSAT-1  imagery.  The  analysis 
procedures,  the  statistical  results,  and  the  associated  costs  of  this  research 
are  presented. 


INTRODUCTION 


One  of  the  roost  easily  detected  of  all  resources  from  Earth  orbiting 
satellites  is  snow.  Investigators  have  proposed  that  relationships  could  be 
developed  between  snow-cover  depletion  and  water  runoff  (Leaf,  1969)  and  in  more 
specific  terms,  between  snow-cover  depletion  and  snow  water  content.  It  is 
also  deemed  possible  and  cost-effective  to  relate  areal  extent  of  snow  in 
specific  vegetation,  elevation  and  aspect  relationships  to  the  actual  snow  water 
equivalent  for  a given  area  using  snow  survey  data  collection  systems  similar 
to  those  in  use  in  many  areas  (Thomas,  1974;  Thomas  and  Sharp,  1974).  Since 
it  is  highly  probable  that  relationships  such  as  the  ones  described  above  could 
be  developed  using  areal  extent  cf  snow  to  provide  the  major  portion  of  the 
information  to  be  used  in  water  runoff  equations,  techniques  had  to  be  developed 
which  would  provide  fast,  economical,  and  accurate  estimation  of  this 
parameter.  The  following  research  deals  with  the  development  of  techniques  for 
estimation  of  snow  areal  extent. 


Using  conventional  aerial  photography  as  the  data  base  for  obtaining  snow 
areal  extent  information  would  obviously  prove  extremely  costly  if  this 
necessitated  covering  entire  watersheds  on  a sequential  basis.  Satellite 
imagery,  more  specifically  LAND.SAT-1  satellite  imagery,  could  pro. ,de  the  data 
base,  relatively  inexpensively  and  on  a repetit've  basis.  In  order  to  quantify 
areal  extent  of  snow,  techniques  were  developed  which  analyzed  the  imagery  for 
areal  extent  of  snow  based  on  reflectance  and  such  parameters  as  elevation, 
vegetation  and  aspect.  The  technique  describes  research  using  a relatively 
simple  procedure  which  none-the-less  provides  some  very  solid  quantitative 
results.  In  conjunction  with  this  technique,  a description  of  a method  to 
substantially  lower  costs  for  such  a survey  has  been  included  under  the  title 
of  "library  of  snow  cover  conditions". 
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PROCEDURE 


The  estimation  procedure  described  in  the  following  pages  is  based  upon 
analyses  of  imagery  defined  by  artificial  units  (grids) . This  technique  differs 
substantially  from  the  snow  mapping  approach  reported  in  the  literature 
(Barnes  and  Bowley,  1969;  Rango  and  Foster,  1975;  Rango  Salomonson,  and  Foster, 
1975,  Wiesnet,  1974),  where  the  snowpack  boundary  is  delineated  directly.  The 
procedures  developed  allow  the  image  analyst  to  make  decisions  in  discrete 
units  of  the  imagery  as  to  the  areal  extent  of  snow  based  upon  such  factors  as 
density  and  type  of  vegetative  cover,  elevation,  aspect,  actual  reflectance 
of  the  snowpack,  and  by  inference  (i.e.  by  the  presence  of  directly  observable 
snowpack).  These  techniques  also  provide  for  the  direct  application  of 
appropriate  statistical  methods  for  the  estimation  of  the  true  areal  extent  of 
snow,  as  well  as  providing  a means  of  determining  the  precision  of  that  estimate. 

LANDSAT-1  imagery  in  the  form  of  simulated  color  infrared  enhancements 
of  bands  4,  5,  and  7 was  used  for  the  interpretation  procedures.  These 
enhancements  were  made  from  individual  9-1/2  inch  l.ANDSAT-1  black-and-white 
positive  transparencii s and  combined  using  a technique  developed  at  the  Remote 
Sensing  Research  Program  (Katibah,  1973).  Consequently,  enhanced  imagery  of 
just  that  portion  of  the  LANDSAT-l  frame  desired  could  be  produced  with 
excellent  quality.  Use  of  this  technique  also  provided  original  enhancements 
directly  on  negative  color  film  so  that  high  quality  reflection  prints  could  be 
produced  for  interpretation  purposes. 

Snow  Areal  Extent  Inventory 

During  the  spring  of  1973,  the  LANDSAT-l  satellite  provided  essentially 
cloud-free  coverage  of  the  Feather  River  Watershed  on  April  4,  May  10,  and 
May  28.  On  these  days  (or  at  the  most,  two  days  thereafter)  random  transects  were 
flown  across  the  watershed  using  a 35  mm  camera  to  acquire  large  scale  aerial 
photography  that  could  be  used  as  an  aid  in  determining  the  actual  snow  condi- 
tion on  the  ground  (i.e.  "ground  truth"). 

To  estimate  the  areal  extent  of  snow,  the  LANDSAT-l  images  were  gridded 
with  image  sample  units  (ISU's),  each  equaling  400  hectares  (Figures  1,  2,  3, 
and  4) . These  image  sample  units  were  then  transferred  to  the  large  scale 
photography  where  applicable.  The  image  sample  units  on  the  large  scale 
photography  were  coded  as  follows: 


Code  Snow  Cover  Class 


Midpoints 


1 No  snow  present  within  the  ISII  0 

2 0-20%  of  ISU  covered  by  snow  .10 

3 20-50%  of  ISU  covered  by  snow  .35 


Code 


Snow  Cover  Class 


Midpoints 


4 

50-98%  of  ISU  covered  by  snow 

.74 

5 

98-100%  of  ISU  covered  by  snow 

.99 

The  gridded  LANDSAT-1  Images  were  then  interpreted,  sample  unit-by-sample 
unit,  and  coded  using  the  following  method  to  account  for  vegetative  cover  and 
density  and  to  some  degree,  aspect,  elevation  and  slope  as  they  impact  snow 
cover. 

Scale  matched  simulated  color  infrared  enhancements  of  LA\DSAT-1  imagery 
were  produced  for  April  4,  1973;  May  10,  1973;  May  28,  1973  and  also  for  August 
31,  1972  in  reflection  print  form.  The  April  and  May  dates  represent  the 
snowpack  and  were  griuded,  while  thj  August  1972  date,  representing  a cloud  free 
summer  image,  was  not  gridded.  The  purpose  of  the  August  date  was  to  provide  a 
clear  aerial  view  of  actual  ground  relationships  of  vegetation/terrain  features. 

The  August  date  was  superimposed  with  each  of  the  snowpack  dates  using  a 
mirror  stereoscope.  By  blinking  first  one  eye  and  then  the  other  the  image 
analyst  could  observe  what  conditions  actually  occurred  on  the  ground  in  the 
image  sample  unit  he  was  interpreting  for  snowpack.  Obviously  this  technique 
capitalizes  on  the  human  image  analyst’s  ability  to  synthesize  large  amounts 
of  pertinent  data  and  quickly  arrive  at  a decision. 

The  image  analyst,  using  this  technique,  spent  three  hours  training  himself 
to  interpret  the  LANDSAT-1  imagery.  The  April  4th  date  comprising  2218  image 
sample  units  was  subsequently  interpreted  in  nine  hours,  the  May  10th  date 
(2050  image  sample  units)  in  six  hours,  and  the  May  28th  date  (2013  image  sample 
units)  in  three  hours.  The  decrease  in  interpretation  time  can  undoubtedly  be 
related  to  the  increasing  experience  of  the  analyst  and  the  decreasing  snowpack. 

The  costs  associated  with  this  research  were  determined  for  the  April  4th 
date  (Table  l).  The  total  cost  for  estimating  the  areal  extent  of  snow  over  897 >61^2 
hectares  in  Feather  River  Watershed  on  this  date  was  $71.5.75  or  approximately 
33it  per  ISU.  While  this  figure  may  appear  to  be  fairly  large  it  must  be 
remembered  that  it  includes  such  things  as  start  up  costs,  interpreter  training, 
and  interpreter  experience  all  of  which  could  be,  but  were  not  amortized.  Use 
of  a technique  such  as  that  described  under  the  section  entitled  "Library  of  Snow 
Cover  Conditions"  would  also  virtually  eliminate  the  $500  cost  of  the  resource 
photography  on  each  date  inventoried. 

The  LANDSAT-1  interpretation  results  were  compared  to  the  coded  large 
scale  photography  where  applicable.  Tables  II,  III,  and  IV  summarize  the 
interpretation  test  results.  The  sample  unit-by-sample  unit  interpretation  of  the 
LANDSAT-1  image  was  then  used  to  find  the  estimate  for  the  areal  extent  of 
snow  in  the  watershed.  Totals  for  each  of  the  individual  snow  cover  classes 
were  found  and  multiplied  by  400  hectares,  the  area  of  each  image  sample  unit 
on  the  ground.  This  gave  the  hectares  for  each  class;  these  values  were  then 
multiplied  by  the  appropriate  .snow  cover  class  midpoints  to  give  the  total 


hectares  of  snow  in  each  class.  Finally,  these  totals  were  added  to  give  the 
estimated  areal  extent  of  snow.  See  Table  V. 

/ 

The  areal  extent  of  snow  thus  calculated  was  based  solely  upon  the 
LANDSAT-1  interpretation  results.  To  correct  this  estimate,  the  image  sample 
units  where  snow  areal  extent  "ground  truth"  was  obtained  (from  large  scale 
aerial  photographs)  were  compared  with  the  same  image  sample  units  on  the 
LANDSAT-1  imagery.  The  relationship  between  the  snow  areal  extent  values  on 
these  corresponding  LANDSAT-1  and  "ground  truth"  sample  units  is  the  basis  for 
the  application  of  the  ratio  estimator  statistical  technique  (Cochran,  1959). 

This  technique  not  only  provides  a correction  for  the  original  interpretation 

estimate,  but  also  allows  for  an  estimate  of  the  precision  of  this  technique  f 

through  the  application  of  confidence  intervals.  The  confidence  intervals 

around  the  areal  extent  of  snow  estimates  were  calculated  for  four  different 

levels  of  confidence  99%,  95%,  90%,  and  80%  for  comparative  purposes.  The 

confidence  intervals  are  expressed  as  hectares  and  in  the  form  of  allowable 

error  (Table  VI).  The  ratio  estimator  statistics  as  well  as  the  manner  in 

which  the  confidence  intervals  and  allowable  errors  were  calculated  aie  shown 

in  Appendix  I. 

It  is  desirable  to  check  and  see  if  the  values  in  the  snow  cover  class 
from  the  LANDSAT-1  image  data  come  from  the  same  statistical  probability  dis- 
tribution as  the  values  in  the  snow  cover  classes  from  the  large  scale 
photography  data.  If  they  come  from  the  same  distribution  it  may  be  expected 
that  our  estimation  procedure  will  provide  good  results.  If  there  were  also  a 
way  to  lump  snow  cover  classes  to  improve  the  indications  that  the  two  sets 
of  values  came  from  the  same  distribution,  this  would  give  some  idea  on  how  to 
improve  the  estimation  procedure  in  the  future.  To  perform  such  probability 

k . . 2 

distribution  likeness  tests,  a Chi-square  statistic,  , was 

i=l 

used.  The  values  in  the  snow  cover  classes  from  the  large  scale  photo  data  were 
designated  as  the  expected  values  (Ei)  , since  they  were  assumed  to  be  "ground 
truth".  The  values  in  the  snow  cover  classes  from  the  LANDSAT-1  image  data 
were  designated  as  the  observed  values  (Oi) . For  each  date  a Chi-square  test 
was  run,  using  the  data  as  recorded  versus  the  data  with  snow  cover  classes 
4 and  5 combined,  to  see  if  an  improvement  in  class  widths  could  be  realized. 


Results  of  the  Snow  Areal  Extent  Inventory 

The  results  of  this  invt'ntory  are  summarized  in  the  following 
tables  of  interpretation  results,  statistical  computations  (including  areal 
extent  of  snow  estimates,  variance  of  areal  extent  of  snow  estimate,  population 
ratio  estimator,  etc.),  confidence  intervals  and  allowable  errors,  and  Chi- 
square  tests  results  are  found  in  the  following  pages.  Tables  II,  III,  and  IV 
deal  with  April  4,  May  10,  and  May  28  interpretation  data  respectively.  Table  V 
deals  with  the  results  of  the  ratio  estimator  statistic  on  all  three  dates. 

Table  VI  deals  with  the  confidence  intervals  nnd  allowable  errors  associated 
with  the  areal  extent  of  snow  estimates  on  all  three  dates.  Tables  VII,  VIII, 
and  IX  deal  with  the  results  of  the  Chi-square  tests  on  April  1,  way  10,  and 
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May  28  respectively. 


Conclusion  of  Snow  Areal  Extent  Inventory 

Improvement  in  the  snow  areal  extent  inventory,  as  it  is  currently  done 
is  possible  by  increasing  the  sample  size  and  by  optimizing  the  image  sample 
unit  size. 

The  Student 's-t  statistic  reaches  its  smallest  value  when  the  degrees  of 
freedom  (sample  size  minus  one)  are  approximately  120.  In  subsequent  inventories 
using  this  approach,  each  date  for  which  large  scale  aerial  photography  is 
flown  should  have  approximately  this  mjgber  of  image  sample  units  definable. 

One  of  the  items  that  should  be  investigated  is  the  optimum  size  of  the 
image  sample  unit.  Several  approaches  are  possible  as  well  as  a combination 
of  all  of  them.  For  instance,  image  sample  unit  size  may  be  plotted  against 
interpretation  time,  variance,  or  variance  times  cost  to  determine  the  optimum 
image  sample  unit  sha;ie  and  size  under  those  constraints. 

The  one  improvement  that  by  itself  can  substantially  decrease  the  width  jf 
the  confidence  intervals  (and  consequently  the  allowable  errors)  is  that  of 
decreasing  the  sample  variance.  As  already  shown,  the  April  4 data  had  the 
smallest  variance,  the  May  10  data  had  the  next  smallest  and  the  May  ?8  data 
had  the  largest.  The  reason  for  this  progressive  increase  in  sample  .ariance 
most  likely  can  be  attributed  to  the  decrease  in  the  snow  pack  over  the  three 
dates.  The  image  analyst's  ability  to  classify  seems  to  be  related  to  the 
proportion  of  snow  cover;  however  the  majority  of  the  variance  may  not  be  due 
to  the  analyst,  but  rather  to  a natural  state  of  greater  snow  areal  extent 
variability  among  sample  units  over  an  area  defined  as  a watershed. 

The  Chi-square  test  indicated  that  on  all  dates  the  experimental  set-up 
was  adequate  except  for  May  10.  Substantial  improvements  in  matching  the 
corresponding  value  distributions  of  the  large  scale  photography  data  and  the 
LANDSAT-1  image  data  were  realized  by  lumping  snow  cover  classes  4 and  5. 

This  indicates  that  the  analyst  had  difficulty  in  separating  snow  areal 
extent  class  4 areas  from  class  5 areas.  If  the  snow  cover  classes  were  to  be 
redistributed  (0-20%,  20-40%,  40-60%,  60-80%,  80-100%  for  example)  the  analyst 
might  realize  an  improvement  in  his  ability  to  classify  snow  cover  conditions. 
Provided  the  analyst's  ability  to  classify  snow  cover  «.onditions  did  improve, 
then  it  would  be  expected  that  the  sample  variance  for  each  set  of  interpre- 
tation results  would  go  down,  and  consequently,  the  width  of  the  confidence 
interval  would  decrease  (as  well  as  the  allowable  error,  AE)  given  constant 
sample  sizes  and  confidence  levels. 


Library  of  Snow  Cover  Conditions 

One  of  the  possible  avenues  for  lowering  the  expense  of  estimating  snow 
areal  extent  is  to  develop  a library  of  snow  cover  conditions,  in  which  the 
appearance  of  the  snow  pack  is  compared  between  low  altitude  photography  and 
satellite  LANDSAT  imagery,  along  with  other  relevant  data  on  an  image  sample 
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unit(ISU)  basis.  This  approach  could  virtually  eliminate  the  yearly  low 
altitude  photography  requirement  once  the  library  is  complete. 

Parameters  which  represent  relevant  snow  cover  related  data  that  might  be 
included  in  such  a library  are:  (1)  the  general  time  period  (by  month)  in 

which  a particular  image  sample  unit  took  on  a specific  appearance  with  regard 
to  snow  cover,  (2)  data  dealing  with  the  magnitude  (based  on  average  precipita- 
tion), temperature  (freezing  or  thawing),  and  date  of  the  previous  winter  storm 
which  affected  the  appearance  of  the  image  sample  unit,  (3)  the  environmental 
units  (based  on  unique  combinations  of  vegetation/terrain,  aspect,  and  elevation) 
which  compose  a given  landscape  and  thus  affect  the  way  in  which  snow  cover  is 
imaged,  and  (4)  the  snow  water  content  of  key  ground  station  points  associated 
with  the  image  sample  units.  Information  in  this  form  provides  an  input,  based 
on  snow  depletion  rates,  for  use  in  a remote  sensing-aided  prediction  of  basin- 
wide snow  water  content  estimation  (Thomas,  1974). 

Of  all  the  parameters  previously  described  that  could  be  useful  in  such  a 
library,  probably  the  most  difficult  to  incorporate  is  that  of  the  environmental 
unit.  Preliminary  studies  using  the  Spanish  Creek  Watershed  (a  sub-watershed 
of  the  Feather  River  Watershed)  as  a representative  example  have  yielded  115 
different  combinations  based  on  18  vegetation/terrain  classes  (adapted  from 
Krumpe,  1973),  7 aspect  classes,  and  5 elevation  classes.  All  of  the  environ- 
mental units  defined  can  be  produced  in  transparent  acetate  from  corrected  to 
overlay  directly  on  LANDSAT  images  thus  aiding  the  image  analyst  in  his 
appraisal  of  the  snow  conditions  within  a given  image  sample  unit. 

For  training  purposes,  the  specific  image  sample  units  (as  imaged  on 
LANDSAT)that  were  chosen  for  inclusion  in  the  snow  cover  condition  library 
would  have  associated  overlays.  These  overlays  would  define  the  relationships 
between  the  environmental  units  and  snowpack  appearance  in  specific  ISU's. 
Additionally  the  environmental  units  could  also  be  related  to  the  ISU's  on  the 
cloud  free  summer  date.  Consequently,  the  image  analyst  would  be  able  to  judge 
not  only  the  appearance  of  snow  in  specific  environmental  units  but  also  the 
appearance  of  the  snow-free  summer  landscape.  The  combination  of  the  two 
landscapes  allows  the  image  analyst  to  make  better  decisions  on  areal  extent  of 
snow  using  the  stereoscope  technique  described  previously. 

The  true  benefit  of  compiling  a library  of  snow  cover  conditions  lies  in 
the  fact  that  upon  completion,  training  and  testing  of  the  image  analyst  could 
be  conducted  from  the  data  contained  from  within  the  library.  Relatively 
frequent  acquisition  of  a sample  of  supporting  aerial  photography  is  therefore 
unnecessary.  Such  a library  would  allow  the  analyst  to  choose  a date  from  a 
previous  year  which  most  closely  matches  the  appearance  and  other  criteria  of 
the  current  snowpack  condition  being  analyzed  for  snow  areal  extent. 

Determination  of  whether  one  year's  conditions  match  another's  is  based 
upon  tlie  fact  that  the  snowpack  builds  up  and  depletes  in  a u.iique  fashion 
(Garstka,  Love,  Goodell,  and  Bertie,  1958).  By  comparing  the  visual  appearance 
the  date,  and  the  previous  winter  storm  data  between  specific  ISU's,  in  the 
library  and  of  the  current  date  of  imagery  being  analyzed,  The  individuals 
conducting  the  investigation  can  make  the  decision  of  which  date  of  previous 
imagery  contained  in  the  library  best  approximates  the  current  snowpack 
situation. 
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Once  a date  of  imagery  which  satisfies  all  the  specified  conditions  is 
found,  the  image  analyst  may  be  trained.  The  training  procedure  essentially 
allows  the  analyst  to  look  at  a representative  set  of  ISO's  which  cover  a wide 
variety  of  snowpack  and  environmental  conditions  and  establish  the  snow  cover 
classes  determined  previously.  By  reviewing  the  information  contained  in  the 
library  for  these  ISO's  the  analyst  can  also  form  some  ideas  on  why  the  snowpack 
appears  as  it  does.  This  procedure  will  help  him  form  more  confident  and 
accurate  'pinions  of  snowpack  cover  class  during  the  actual  interpretation  of 
the  imagery.  The  testing  procedure,  discussed  in  an  earlier  section,  would 
derive  its  "ground  truth"  from  the  evaluation  of  the  snowcover  class  of  specific 
ISO's  as  contained  in  the  library.  These  values  would  be  compared  to  the 
analyst's  interpretation  values  and  the  appropriate  statistical  tests  could  then 
be  applied. 


Conclusions  and  Recommendations 

Although  the  nature  of  the  data  required  by  the  LANDSAT-1  satellite  lends 
itself  directly  to  automatic  computer  analysis  for  areal  extent  of  snow  estima- 
tion, research  in  manual  techniques  can  be  justified  by  comparing  the  two 
methods  of  operation  to  one  another  on  a cost-effective  basis.  Research  is 
currently  being  carried  out  on  both  phases  of  snow  areal  extent  estimation 
procedures  and  analyses  will  be  conducted  testing  both  automatic,  manual  and  a 
combination  of  automatic  and  manual  on  a cost-effective  basis. 

Besides  being  justifiable  on  this  basis,  continued  research  utilizing 
manual  techniques  can  provide  analyses  in  certain  circumstances  where  computer 
classification  has  not  been  sufficiently  refined.  Scattered  cloud  cover  over 
snowpack  may  present  some  difficulty  to  present  computer  analysis;  however  the 
human  has  little  difficulty  distinguishing  the  two  as  they  appear  on  LANDSAT-1 
imagery. 

The  inventory  methods  for  areal  extent  of  snow  estimation  described  in 
this  paper  show  great  promise  for  providing  fast,  economical,  and  accurate 
inventories  of  snowpack  extent.  As  it  is  refined,  such  as  by  optimizing 
image  sample  unit  sizes  and  snow  cover  class  width,  estimates  as  to  the  true 
areal  extent  of  snow  should  become  more  precise  and  should  be  made  with  greater 
confidence,  all  other  factors  being  equal. 
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TABLE  I 


COST  OF  AREAL  EXTENT  OF  SNOW  ESTIMATION  RESEARCH 


Image  Acquisition 

1 LANDSAT  Date,  3 bands  @$ 3/band 


$ 9.00 


Resource  Photography 

Medium  scale  aerial  photography  for  image 
analyst  environmental  type  training 


500.00 


Image  Sample  Units 

Gridded  LANDSAT  color  composite  print  generation; 

film,  processing,  and  printing  @ll/date  11.00 

Labor 

.5  hours  per  date  @$13. 50/hour  6.75 

Interpreter  Training 

3 hours  @$13. 50/hour  40.50 


Image  Interpretation 
9 hours  @$13. 50/hour 


121.50 


Analysis  of  Image  Analyst  Results 
2 hours  @$13. 50/hour 


TOTAL 
Per  ISU 


27,00 

m5.T5 

$ .33 


■ V ■ 


APRIL  4,  1973  LANDSAT-1  AREAL  EXTENT  OF  SNOW  INTERPRETATION  RESULTS  (ALSO  LISTING  OF  x. *s  AND  y. 's) 


sample  large  scale  photo  estimate  ot  the  number  of  hectares  of  snow 
per  cell  by  snow  cover  class  =(snow  cover  class  midpoint) (400  hectares) 

interpretation  frequencies 


RESULTS  (ALSO  LISTING  OF  x. 's  AND  y. 's) 


interpretation  frequencies 
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CHI-saUARE  TEST  FOR  APRIL  4,  1973  DATA 


* t 


• (■ 


Conclusion:  The  null  hypothesis  is  accepted  since  the  calculated  value  of 

ince  the  calculated  value  of  1.8342  is  less  than  the  table 

5.8992  is  less  than  the  table  value  of  7.81. 

value  of  9.49. 
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TABLE  IX  - CHI-SQUARE  TEST  FOR  MAY  28,  1973  DATA 
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hypothesis  is  accepted 


Fi.(jarf  I.  April  4.  1973  UNDSAT-1  simulated  color  infrared  onhanccment 
Image  sample  units  (grids)  = 400  hectares  each 


May  10.  1973  r.ANPSAT-1  simulated  color  infrared  enhancement 
Image  sample  units  (grids)  =>  400  hectares  each. 
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APPENDIX  I 


Ratio  Estimator  Statistic 

= The  true  areal  extent  of  snow 

A 

Y|^  = The  estimate  of  the  ttue  areal  extent  of  snow 

A 

= XR 

N 

where:  X = 2 X- 
j=l  J 

Given  that:  X^  = LANDSAT-1  interpretation  estimate  of  the 

number  of  acres  of  snow  by  snow  cover  class 
= (Snow  cover  class  midpoint) (400  hectares) 
j = Index  for  all  LANDSAT-1  image  sample  units 
N = Maximum  LANDSAT-1  image  sample  unit  index 
number 

A Y 

Where:  R = — = The  population  ratio  estimator 

X n 

Given  that:  Y = 2 /• 
i=l  ^ 
n 

X = 2 X 
i=l  ^ 

n = Total  number  of  ERTS-1  image  sample  units 
sampled  with  large  scale  aerial  photography 
i = Sample  index 

y^=  Large  scale  photo  estimates  of  the  acres  of 
snow  for  sample  LANDSAT-1  image  sample  unit  i 
= (Snow  cover  class  midpoint)  (400  hectares) 

X = LANDSAT-1  interpreter  estimate  of  the  number  of 
acres  of  snow  for  sample  image  sample  unit  i 
= (Snow  cover  class  midpoint) (400  hectares) 


Cochran 


A NTN-nl 

V(Yj^)  = Sample  variance  « 


2 2 X?  - 2Rl  X y 

i=l  ^ i-1  ' 1=1  ' ' 


Confidence  Interval  around  Yj^:  Example  for  95%  level  of  confidence 

As  expressed  Ir.  acreage  limits: 


Probability  Y^^  - t^^  j,  .025\/  V{Y^)<  Y^^^Y 


As  expressed  as  allowable  error  (AE) : 


\ • '„-l  • 


= .95 


AE  = 


Vl* 


REFERENCES 

, W.  G.,  1959,  Sampling  Techniques.  John  Wiley  6 Sons,  Inc.,  New  York. 


2641 


W-24 


SNOW  SURVEY  FROM  SPACE,  WITH  EMPHASIS  ON  THE  RESULTS  OF  THE 
ANALYSIS  OF  SKYLAB  EREP  S192  MULTISPECTRAL  SCANNER  DATA 

By  James  C.  Barnes  and  Mi<^hael  D.  Smallwood,  Environmental 
Research  g Technology,  Inc.,  Concord,  Massachusetts  01742 

ABSTRACT  W 76 -174  10 

The  Skylab  EREP  S192  Multlspectral  Scanner  data  have  provided  for  the  first  time  an 
opportunity  to  examine  the  reflectance  characteristics  of  snowcover  in  several  spectral 
bands  extending  from  the  visible  into  the  near-infrared  spectral  region  to  about  2 pm.  The 
analysis  of  the  S192  imagery  and  digital  tape  data  from  five  EREP  passes,  two  from  the  SL-2 
mission  and  three  from  the  SL-4  mission,  indicates  a sharp  drop  in  reflectance  of  snow  in 
the  near- infrared,  with  snow  becoming  essentially  non-ref lective  in  Bands  11  (1.55-1.75  pm) 
and  12  (2.10-2.35  pm).  The  results  are  in  good  agreement  with  the  results  of  laboratory 
experiments.  Two  potential  applications  to  snow  mapping  of  measurements  in  the  near-infrared 
spectral  region  are  possible:  (1)  the  use  of  a .tear- infrared  band  in  conjunction  with  a 

visible  band  to  distinguish  automatically  between  snow  and  water  droplet  clouds;  and  (2)  the 
use  of  one  or  more  near- infrared  bands  to  detect  areas  of  melting  snow. 


INTRODUCTICW 


Snow  has  an  enormous  effect  on  the  large-scale  geophysical  environment  of  the  Earth. 
Seasonal  changes  in  snowcover  produce  significant  variations  in  the  albedo  of  the  land  areas. 
These  albedo  variations  strongly  influence  the  radiation  balance  at  the  surface,  which,  in 
turn,  influences  both  short-  and  long-term  weather  conditions.  In  many  regions,  such  as  the 
western  United  States,  snow  also  has  a direct  economic  impact.  The  snowmelt  runoff  is  used 
for  irrigation,  industrial  production,  power  generation,  municipal  water  systems,  and  re- 
creation. However,  too  much  runoff  may  produce  destructive  flooding. 

Snow  was  one  of  the  first  terrestrial  water  resources  to  be  observed  from  space.  Ap- 
proximately 15  years  ago,  snow  in  eastern  Canada  was  detected  in  images  from  TIROS-1,  the 
first  weather  satellite  launched  by  the  United  States.  Since  then,  as  improved  satellite 
systems  have  been  developed,  an  increasing  use  has  been  made  of  remote  sensing  from  space  to 
monitor  snowcover.  Quasi-operational  use  in  snow  hydrology  is  currently  being  made  of  the 
NOAA  satellite  Very  High  Resolution  Radiometer  imagery,  and  the  data  from  the  LANDSAT  (for- 
merly ERTS)  satellite  has  been  shown  to  have  substantial  practical  application  for  snow  map- 
ping. A summary  report  on  the  status  of  satellite  snow  survey  was  prepared  by  an  interna- 
tional committee  for  the  World  Meteorological  Orginization  in  1973  (1);  recently,  a hand- 
book of  techniques  for  satellite  snow  mapping  has  been  prepared  (2)  to  assist  NASA  Goddard 
Space  Flight  Center  in  the  planning  of  a practical  demonstration  project  of  the  application 
of  satellite  data  to  snow  hydrology. 

Two  snow  mapping  experiments  were  conducted  as  part  of  the  Skylab  mission,  one  an  EREP 
(Earth  Resources  Experiment  Package)  experiment  and  the  other  an  experiment  in  the  Skylab-4 
Visual  Observations  Project.  The  purpose  of  the  EREP  investigation  was  to  analyze  data  from 
the  various  sensors  in  conjunction  with  tho  photographic  data  to  determine  how  much  addi’-ion- 
al  information  on  snowcover  can  be  derived  from  measurements  made  in  other  than  the  vis’ole 
portion  of  the  spectrum.  The  purpose  of  the  Visual  Observations  Project  e .'riraent  was  for 
the  crewmen  to  select  specific  test  areas  and  to  make  observations  of  snowcover  at  various 
viewing  angles  in  order  to  detect  features  not  readily  apparent  in  vertical-view  photographs. 

In  this  paper  the  results  of  the  Skylab  EREP  investigation,  in  particular  the  analysis 
of  snow  reflectance  characteristics  using  EREP  S192  Multispectral  Scanner  data,  are  described. 
The  results  of  the  Visual  Observations  Project  snow-mapping  experiment  are  described  in  the 
Project  Report  (3). 

2643 


SPECTRAL  REFLECTANCE  OF  SNOW  COVER 


The  initial  spacecraft  measurements  in  the  near* infrared  portion  of  the  spectrum  were 
those  of  the  0.7-1. 3 urn  band  of  the  Nimbus-3  HRIR  (High  Resolution  Infrared  Radiometer). 

In  studies  using  the  HRIR  data  (4),  it  was  first  noticed  that  snowcovcr  could  not  be  dis- 
tinguished in  the  near- infrared  spectral  band.  In  a s\)bsequent,  more  thorough  investiga- 
tion of  the  HRIR  near- infrared  data  (5),  the  observed  low  reflectance  of  snow  and  ice  was 
attributed  to  the  existence  of  melt  water  on  the  snow  or  ice  surface;  the  investigators 
pointed  out  that  with  even  a thin  layer  of  water  on  the  snow  or  ice,  the  surface  would  ap- 
pear highly  reflective  in  the  visible  portion  of  the  spectrum  but  essentially  non- reflective 
in  the  near- infrared. 

In  an  investigation  of  LANDSAT-1  imagery  (6,7),  the  contrast  between  snow  and  bare 
ground  was  found  to  be  considerably  lower  in  the  MSS-7  near-infrared  band  (0. 8-1.1  urn)  than 
in  the  MSS- 5 visible  band.  Moreover,  in  some  late  spring  cases,  the  areas  appearing  very 
bright  in  MSS-7  were  found  to  be  significantly  smaller  than  those  appearing  bright  in  MSS-5. 
It  was  concluded  that  the  snow  visible  in  the  near- infrared  image  may  be  the  high-elevation 
dry  snow,  whereas  both  the  dry  and  lower  elevation  wet  snow  surfaces  are  detectable  in  the 
visible  image.  In  another  study  of  several  river  basins  in  the  Wind  River  Range  in  Wyoming 
(8),  the  LANDSAT  MSS-7  imagery  consistently  indicated  less  snowcover  than  did  the  MSS-5;  the 
difference  was  attributed  to  the  reduced  near- inf rared  reflectance  associated  with  melting 
or  refrozen  previously  melting  snow. 

Recent  laboratory  experiments  (9)  have  also  been  conducted  to  determine  the  effects  of 
various  natural  conditions,  especially  melting  and  refreezing,  on  the  spectral  reflectance 
of  a snowcover  in  the  red  and  near- infrared  regions.  The  results  of  these  experiments  in- 
dicate that  toward  the  red  end  of  the  visible  spectrum,  the  reflectance  declines  somewhat 
and  falls  off  rapidly  in  the  near- infrared  region.  As  fresh  snow  ages  without  melting, 
there  is  a small  decrease  in  reflection,  but  temperatures  near-melting  (but  no  melting)  do 
not  produce  a great  reduction  in  reflectance;  melting  t the  point  of  producing  wet  snow  on 
the  surface,  on  the  other  hand,  produces  a significant  reduction  in  reflectance. 


S192  MULTISPECTRAL  SCANNER  DATA 


The  EREP  S192  Multispectral  Scanner  provided  for  the  first  time  an  opportunity  to  ex- 
amine the  spectral  characteristics  of  snow  from  space  over  the  spectral  range  extending  from 
the  visible  to  well  into  the  near- infrared.  The  S192  is  a 13-band  radiometer  with  12  of  the 
bands  being  in  the  visible  or  near- infrared  portion  of  the  spectrum  extending  to  about  2 pm 
(the  thirteenth  band  is  in  the  thermal  infrared).  The  spectral  range  for  each  band  is  as 
follows: 


TABLE  I.-S192  MULTISPECTRAL  SCANNER  SPECTRAL  BANDS 


Band  Number 

Description 

Spectral  Range  (wm) 

1 

Violet 

0.41-0.46 

2 

Violet-Blue 

0.46-0.51 

3 

Blue-Green 

0.52-0.56 

4 

Green-Yellow 

0.56-0.61 

5 

Orange- Red 

0.62-0.67 

6 

Red 

0.68-0.76 

7 

Infrared 

0.78-0.88 

8 

Infrared 

0.98-1.08 

9 

Infrared 

1.09-1.19 

10 

Infrared 

1.20-1.30 

11 

Infrared 

1.55-1.75 

12 

Infrared 

2.10-2.35 

13 

Thermal  Infrared 

10.2-12.5 
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The  conical  scan  pattern  of  the  S192  covers  a swath  of  the  earth's  surface  that  is  ap- 
proximately ?2.4  km  wide;  the  instantaneous  field-of-view  (IFOV)  is  79.25  meters  (260  feet). 
A detailed  description  of  the  Multispectral  Scanner  is  given  in  the  Skylab  Earth  Resources 
Data  Catalog  (10) . Both  the  S192  imagery  and  Computer  Compatible  Tapes  (CCT)  were  used  in 
the  data  rnalysis. 

S192  data  for  use  in  this  study  were  acquired  for  four  test  site  areas:  the  Sierra 
Nevada-White  Mountains  area  in  Calif ortiia;  the  Wasatch  Range  in  Utah;  the  central  Arizona 
mountains;  and  a portion  of  the  Upper  Mississippi-Missouri  River  Basin  area  in  the  north- 
central  part  of  the  country.  As  indicated  below,  Table  2,  data  from  five  EREP  passes  were 
analyzed: 


TABLE  II.-  S192  MULTISPECTRAL  SCANNER  DATA  SAMPLE 


Case 

Niunber 

Test  Site 

EREP  Pass 

Date 

Approximate  Time  of 
Observation  (Local  Time) 

1 

Sierra  Nevada-White  Mountains 

3 

3 Jun  73 

1130 

2 

Wasatch  Range 

S 

5 Jun  73 

1100 

3 

Central  Arizona  Mountains 

83 

14  Jan  74 

1000 

4 

Upper  Mississippi-Missouri 
River  Basins 

89 

24  Jan  74 

1200 

5 

Sierra  Nevada-White  Mountains 

98 

1 Feb  74 

0900 

Since  two  of  the  EREP  passes  were  from  the  SL-2  mission  in  June  1973  and  three  from  the 
SL-4  mission  in  January- February  1974,  it  was  possible  to  investigate  the  reflectance  char- 
acteristics of  snow  in  late  spring  situations,  representative  of  presumably  melting  snow, 
and  in  mid-winter  situations,  representative  of  presumably  dryer,  colder  snow.  Digitized 
data  were  available  for  only  one  of  the  two  SL-2  passes,  however;  CCT's  were  not  processed 
for  EREP  Pass  3 because  the  sensor  was  not  aligned  correctly  (film  products  were  available). 

Since  the  design  of  this  experiment  was  to  examine  EREP  data  collected  over  relatively 
large  areas,  it  was  not  feasible  to  collect  detailed  information  on  the  snow  conditions  at  a 
particular  test  site.  The  overall  snow  conditions  can  be  estimated,  however,  through  rou- 
tinely collected  snow  reports  and  the  meteorological  conditions  prior  to  and  at  the  time  of 
the  Skylab  pass.  In  each  case,  the  limits  of  the  snowcover  were  mapped  using  the  S190A  and 
S190B  photography. 

In  summary,  meteorological  data  indicate  the  snowcover  in  the  test  site  areas  observed 
in  June  1973  was  quite  probably  in  a melting  condition,  except  perhaps  at  the  highest  eleva- 
tions. In  each  of  the  test  site  areas  observed  in  mid-winter,  some  melting  could  have  been 
taking  place  at  lower  and  middle  elevations,  or  the  snowpack  could  have  been  refrozen  from 
melting  that  had  occurred  during  the  proceeding  few  days.  However,  the  snow  conditions  were 
more  stable  than  in  the  two  springtime  cases.  No  S192  data  were  collected  over  a test  site 
area  immediately  following  a fresh  snowfall  or  during  a very  cold  period. 


ANALYSIS  OF  S192  IMAGERY 


The  S192  imagery  displays  a marked  drop  in  the  reflectance  of  snow  in  the  near-infrared 
bands.  This  effect  is  readily  apparent  in  the  imagery  from  the  two  SL-2  EREP  Passes,  over 
the  Sierra  Nevada-lVhite  Mountain  area  and  the  Wasatch  area.  For  the  Wasatch  area  the  S192 
Band  2 and  Band  11  imagery  is  shown  in  Figures  la  and  lb.  Similarly,  the  S192  Band  3 and 
Band  11  imagery  for  the  White  Mountains  is  shown  in  Figures  2a  and  2b.  In  both  cases,  snow- 
cover has  a high  reflectance  in  the  visible  band,  1 appears  essentially  black  in  the  near- 
infrared. 
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In  the  Pass  3 imagery  (Figures  2a  and  2b),  not  only  is  the  difference  in  the  reflec- 
tance of  the  snow  between  the  visible  and  near- infrared  bands  dramatic,  but  also  the  dis- 
tinct nature  of  the  clouds  in  the  near- infrared  spectral  region.  The  S190A  photograph  in- 
dicates that  cellular-type  clouds,  a pattern  representative  of  cumulus  (water  clouds)  cells, 
cover  much  of  the  area.  Over  the  mountains,  it  is  difficult  to  distinguish  between  the 
clouds  and  the  snow.  The  same  is  true  in  the  visible  band  S192  imagery,  where  the  clouds 
and  snow  have  essentially  the  same  reflectance.  In  the  Band  11  imagery,  however,  the  clouds 
still  appear  white  whereas  the  snow  appears  essentially  black;  therefore,  each  cumulus  cell 
is  distinct,  even  those  cells  directly  over  the  snowcovered  mountains. 

In  the  initial  interpretatio,  :>f  the  S192  imagery  for  Pass  3,  it  was  also  noticed  that 
in  Band  9 some  snow  can  be  detected,  but  the  rxtcnt  of  the  snow  appears  to  be  less  than  in 
the  visible  band.  The  complete  spectral  coverage  of  the  line- straightened  imagery  permitted 
a more  thorough  investigation  of  the  snow  reflectance  in  the  intermediate  bands  between  the 
visible  and  Band  11.  In  Figures  3a  through  3f,  the  images  for  Bands  3,  7,  8,  9,  10,  and  ’i 
from  Pass  5 are  shown;  the  area  covered  includes  the  Mt.  Nebo  Ranee  and  San  Htch  Mount i- 
in  the  Wasatch  Range.  In  the  visible  band,  the  entire  snowpack  has  a high  reflectance. 

Band  7,  however,  a slight  decrease  in  the  apparent  snow  extent  in  the  Mt.  Nebo  Range  is 
served;  in  Bands  8,  9,  and  10,  the  apparent  snowcover  successively  decreases  until  in  Bani 
10  the  only  bright  area  is  along  the  highest  ridge  of  the  range;  in  Band  11,  no  snow  can  be 
detected.  In  the  San  Pitch  Mountains,  which  are  at  a lower  elevation,  the  less  extensive 
snowcover  can  barely  be  detected  in  Band  7 and  cannot  be  detected  in  Bands  8 through  11. 

The  results  of  the  analysis  of  S192  imagery  for  the  wintertime  cases  are  essentially 
the  same  as  those  for  the  SL-2  data  discussed  above.  In  each  case,  snow  has  a high  reflec- 
tance in  the  visible,  except  in  areas  that  are  forested,  whereas  in  the  Band  11  imagery,  the 
entire  snowcovered  area  is  non-reflective.  In  the  intermediate  spectral  bands,  a gradual 
lowering  of  the  reflectance  is  observed  beginning  with  about  Band  8 or  9;  however,  the  de- 
crease in  reflectance  is  uniform  across  the  snowcover,  and  no  gradual  decrease  in  the  appar- 
ent snow  extent  is  observed,  as  was  the  case  in  the  data  from  each  of  the  SL-2  passes. 


ANALYSIS  OF  S192  COMPUTUR  COMPATIBLF.  TAPPS 
Data  Processing  Procedures 


The  high  data  rate  of  the  S192  instrument  presented  some  problems  in  working  with  the 
Computer  Compatible  Tapes  (CCT's).  Even  for  the  rather  limited  time  segments  for  which  (XT's 
were  provided,  it  was  not  feasible  to  perform  digital  count  to  radiance  conversions  for  the 
entire  data  segment.  The  principal  problem,  therefore,  was  to  devise  a technique  for  the 
selection  of  specific  data  segments  of  only  a few  scanlines  corresponding  to  the  locations 
of  known  ground  features. 

The  technique  devised  to  accomplish  this  task  was  a pre-selection  procedure  based  on 
the  analysis  of  raw  channel  counts.  Knowing  from  the  information  on  the  S192  data  supplied 
by  NASA/JSC  that  snowcover  would  likely  be  saturated  in  the  visible  bands,  a channel  (SPO) 
corresponding  to  one  of  the  visible  bands  was  selected.  The  CCT's  were  then  manipulated 
such  that  each  pixel  in  that  channel  that  was  saturated  (raw  data  count  = 255)  would  he 
printed  out  as  a black  dot  and  each  pixel  that  was  not  saturated  (raw  data  count  < 255)  would 
be  left  blank.  The  result  produced  an  image- like  printout  where  all  snowcovered  (non- for- 
ested) areas  appear  black,  and,  therefore,  specific  features  could  be  located. 

lollowing  selection  of  the  specific  nuiiibers  of  scunliiifs  and  pixels  from  the  j^rintout, 
the  calibrated  r.idiances  for  each  required  channel  were  computed  using  tnc  appropriate  con- 
version equation  supplied  with  the  tapes.  This  processing  techni<p’c  was  found  to  be  ex- 
tremely efficient  and  greatly  facilitated  the  handling  of  the  5,192  Computer  Compatible  Tapes. 
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Results  of  Digital  Data  Processing 


The  radiance  values  obtained  from  the  p^'ocessing  of  the  CCT’s  wore  analyzed  for  each 
of  the  four  cases  (no  CCT's  were  available  for  Case  1,  EREP  Pass  3).  A single  pixel  deter- 
mined to  be  located  within  a uniform  snowpack  was  selected  for  each  of  the  four  test  site 
areas.  The  radiance  value  for  the  pixel  was  averaged  with  the  five  pixels  before  and  after 
it  to  acquire  a true  representation  of  the  snow  response.  This  process  was  repeated  for 
each  band,  and  the  averaged  values  weve  then  graphed.  The  resulting  graphs  of  the  radiance 
values  for  each  spectral  band  are  shown  in  Figures  4,  a,  6,  and  7 .or  the  Wasatch,  Arize  la. 
Mid-west,  and  California  test  site  areas,  respectively. 

For  each  of  the  test  sites,  the  graphs  indicate  saturation  or  near  saturation  values 
(triangles  indicate  saturation  levels)  throughout  the  visible  portion  of  the  spectrum  fol- 
lowed by  a significant  decrease  in  reflectance  in  the  near-infrared.  In  the  inter])rctation 
of  the  graphs  it  is  necessary  to  consider  not  only  the  curve  itself,  but  also  the  cur  e in 
relation  to  saturation  levels;  in  this  way,  a saturated  value  is  not  misinterpreted  as  a 
decrease  in  reflectance  (such  as  Band  4). 


DISCUSSION  OF  RESULTS  OF  S192  DATA  ANALYSIS 
Comparison  of  SL-2  and  SL-4  Data 


For  the  five  cases  for  which  S192  data  were  analyzed,  the  overall  results  of  the  analy- 
sis of  the  im.igery  and  the  digital  radiance  values  are  consistent.  In  each  case,  snowcover 
exhibits  a marked  drop  in  reflectance  in  the  near- infrared  portion  of  the  spcctnani.  florc- 
over,  no  significant  difference  in  the  reflectance  characteristics  of  snow  is  apparent  in 
the  five  cases  examined,  even  though  two  of  the  eases  were  from  the  late  spring  and  the 
other  three  from  mid-winter.  One  difference  that  was  observed,  however,  is  that  in  both  of 
the  late  spring  cases  the  apparent  extent  of  the  snowcover  gradually  decreases  from  Band  7 
through  Band  11;  in  the  winter  cases,  a uniform  decrease  in  reflectance  is  observed  with  no 
apparent  change  in  the  detectable  snow  extent. 

As  was  pointed  out  in  the  earlier  discussion  of  the  data  sample,  even  in  the  winter 
cases  no  data  were  collected  immediately  following  a fresh  snowfall.  Thus,  the  two  spring 
cases  were  at  times  when  the  snowpack  was  in  a general  melting  condition,  whereas  the  three 
wintertime  cases  were  at  times  when  the  snowpack  was  more  stable  but  still  consisting  of 
somewhat  aged  snow  that  might  be  undergoing  slight  melting  or  had  undergone  melting  and  be- 
come refrozen. 

It  must  also  be  remembered  that  the  problem  of  measuring  radiance  values  from  a space- 
craft platform  is  extremely  complex.  Many  factors,  such  as  the  slope  of  the  reflecting  sur- 
face and  especially  the  solar  elevation  angle,  can  influence  the  measurements.  The  solar 
elevation  angle  must  be  considered  when  attempting  to  compare  measurements  taken  over  differ- 
ent areas  at  different  times  of  the  year.  Atmospheric  attenuation  must  also  be  taken  into 
account;  however,  the  preliminary  results  of  another  Skylab  investigation  being  conducted 
at  CRT  indicate  that  the  error  in  determining  surface  reflectance  for  snow  would  be  less  than 
five  percent  for  all  spectral  bands  (11). 


Comparison  Kith  Laboratory  Experiments 


The  results  of  the  analysis  of  the  Skylab  data  arc  in  general  agreement  with  the  results 
of  laboratory  experiments  of  the  red  and  near- ini rared  spectral  reflectance  of  snow  (9). 

The  S192  digital  data  results  indicate  a decrease  in  snow  reflectance  beginning  in  Band  ^ 
(0.98-1.08  urn);  the  laborator)'  experiments  indicate  a high  reflectance  in  the  red,  with  a 
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tendency  for  the  reflectance  to  begin  to  decline  at  about  1.03  vm.  Secondly,  the  S192  re- 
sults show  a slight  leveling  off  of  the  drop  in  snow  reflectance  in  Band  10  (1.20-1.30  yn.); 
the  laboratory  experiments  show  that  the  reflectance  decreases  rapidly  from  1.1  to  1.5  ym 
with  the  exception  that  at  about  1.25-1.35  urn  it  levels  off  and  even  makes  a slight  recovery. 
Finally,  the  S192  results  show  the  lowest  reflectance  values  to  be  in  Bands  11  (1.55-1.75  ym) 
and  12  (2.10-2.35  ym);  the  laboratory  experiments  show  low  reflectance  values  at  about  1.5- 
1.6  ym  and  an  even  stronger  depression  at  1.95-2.05  yn.  with  a very  slight  rise  at  about 
2.25  ym. 

In  the  laboratory  experiments,  natural  aging  of  the  snow  influences  both  the  degree 
and  rate  of  change  of  the  reflectance.  In  general,  melting  lowers  the  refl.rtance,  with 
some  recovery  if  the  snow  is  refrozen.  A significant  difference  in  the  reflectance  curves 
for  dry  and  melting  snow  occurs  at  about  1. 2-1.4  ym.  The  snowcover  observed  in  the  Skylab 
experiment  had  in  each  case  aged  to  a certain  extent. 

The  more  advanced  state  o^  melting  in  the  two  iate  spring  cases  could  account  for  the 
decrease  in  the  apparent  snow  extent  observed  in  the  S192  imagery.  In  each  case,  it  is 
probable  that  the  lower  elevations  were  undergoing  more  rapid  snowmelt  than  the  higher  ele- 
vations at  the  time  of  the  F.REP  Pass.  Therefore,  the  shorter  wavelength  spectral  bands 
(Bands  8,  9,  and  10)  will  show  a low  reflectance  where  the  snow  is  the  wettest,  but  still  a 
relatively  high  reflectance  where  the  snow  is  drier,  at  the  higher  elevations.  In  the  longer 
wavelengths  (Bands  11  and  12),  even  the  drier  snow  has  a low  reflectance.  It  is  difficult 
to  account  for  the  progressive  decrease  in  apparent  snow  extent  in  Bands  7 through  11,  un- 
less it  is  that  snow  wetness  has  a stronger  influence  in  the  shorter  wavelengths  than  it 
does  the  longer  wavelengths. 


Snow  Reflectance  vs.  Cloud  Reflectance 


A result  of  the  analysis  of  the  S192  data  that  has  a significant  potential  application 
is  the  observed  differences  in  the  refijctance  of  snow  and  water  droplet  clouds.  IVhereas 
snow  has  a very  low  —’flectance  in  the  near- infrared,  the  water  clouds  remain  at  a high  re- 
flectance throughout  the  visible  and  near-infrared  spectral  regions.  In  a recent  report 
discussing  possible  reasons  for  this  observed  difference  (12),  it  is  pointed  out  that  a water 
droplet  cloud  displays  two  strong  absorption  bands  centered  at  1.41  and  1.92  ym.  The  spec- 
trum of  such  a cloud  observed  from  satellite  altitudes  will  be  distorted  by  atmospheric  ab- 
sorption, primarily  by  water  vapor.  The  presence  of  these  vapor  bands  in  the  radiation  re- 
ceived at  satellite  altitude  will  tend  to  distort  a water  cloud  spectrum  toward  shorter  wave- 
lengths. Snow  also  displays  the  two  strong  molecular  vibration  bands  seen  in  spectra  of 
liquid  water  and  water  vapor,  but  shifted  to  considerably  longer  wavelength.  These  bands  lie 
at  a sufficiently  long  wavelength  so  that  they  are  relatively  little  distorted  by  atmospheric 
water  vapor  absorption  bands. 


POTENTIAL  APPLICATIONS  OF  RESULTS  OF  S192  PAT\  ANALYSIS 


Based  on  the  results  of  the  analysis  of  S192  data,  two  potential  applications  to  snow 
mappi:  j.  of  measurements  in  the  near-infrared  spectral  region  are  possible:  (1)  the  use  of  a 

near- infrared  band  in  conjunction  with  a visible  band  to  distinguish  automatically  between 
snow  and  clouds;  and  (2)  the  use  of  one  or  more  near- infrared  bands  to  detec”  melting  snow. 

The  nearly  complete  reversal  in  snow  reflectance  between  the  visible  bands  and  Bands 
11  and  12  observed  in  each  case  indicates  that  in  this  nnrtion  of  the  near- infrared,  snow 
surfaces  are  essentially  non-reflcctive  regardless  of  t condition  of  the  snow.  In  con- 
trast, the  reflectance  of  clouds  (water  droplet)  is  essentially  the  same  in  each  of  the  S192 
bands,  displaying  no  drop  in  the  near-infrared.  As  a result,  a technique  combining  two  spec- 
tral bands,  one  in  the  visible  and  one  in  the  near-infrared  at  the  position  of  Rand  11  or  12 
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(1.55-1.75  um  or  2.10-2.35  um) , can  be  used  to  distinguish  between  snow,  clouds,  and  non- 
snowcovered  ground.  A feature  having  a high  reflectance  in  the  visible  and  a low  reflectance 
in  the  near-infrared  would  be  classified  as  snow;  a feature  having  a high  reflectance  in  both 
bands  would  be  classified  as  cloud;  and  a feature  having  a low  reflectance  in  the  visible 
and  a medium  reflectance  in  the  near-infrared  would  be  classified  as  non-snowcovered  ground. 

An  automatic  technique  for  distinguishing  snow  from  clouds  is  of  particular  significance, 
since  this  has  been  recognized  as  a serious  problem  with  regard  to  the  eventual  machine  pro- 
cessing of  satellite  dara  for  snowcover  mapping. 

The  second  potential  application,  that  of  detecting  melting  snow,  is  based  on  the  ob- 
served behavior  of  snow  in  the  intermediate  bands  from  about  Band  7 (0.78-0.88  um)  through 
Band  10  (1.20-1.30  um) . Although  the  data  sample  was  not  optimum  in  that  no  data  were  col- 
lected over  fresh,  cold  snow  surfaces,  the  S192  film  products  for  the  spring  cases  (June  1973) 
display  snow  reflectance  characteristics  not  observed  in  the  winter  cases  (January-February 
1974).  In  the  two  spring  cases,  the  apparent  snow  extent  decreases  gradually  from  a maximum 
in  the  visible  (Band  6)  to  a minimum  in  Band  11.  This  gradual  decrease  in  the  area  of  high 
reflectance  is  difficult  to  account  for  unless  it  is  because  the  snow  at  the  lower  elevations 
is  melting,  and  therefore  exhibits  a more  rapid  drop  in  reflectance,  whereas  the  snow  at  the 
highest  elevations  is  dryer  or  refrozen,  and  therefore  does  not  exhibit  a significant  drop 
in  reflectance  until  Band  11  (1.55-1.75  um) . In  the  winter  cases,  the  snowpack  is  more  uni- 
form at  all  elevations,  so  does  not  display  the  gradual  reduction  in  reflectance.  It  is  con- 
cluded, therefore,  that  bands  in  the  spectral  range  from  about  0.8  um  to  about  1.30  um  should 
provide  the  most  information  on  the  condition  of  the  snow  surface  with  regard  to  the  snow 
being  melting  (wet  surface)  or  being  not  melting  or  refrozen  (dry  surface) . 

The  results  of  the  analysis  of  the  Skylab  EREP  S192  data  have  potential  cost-saving  ap- 
plication to  snow  mapping,  although  it  is  realized  that  further  study  of  sno’-'  reflectance 
characteristics  is  needed.  The  available  data  sample  did  not  include  a situation  where  snow 
and  ice  clouds  are  present,  where  the  technique  to  distinguish  between  snow  and  water  drop- 
let clouds  could  be  tested  to  determine  its  application  to  ice  clouds;  also,  measurements 
over  fresh,  dry  snow  as  well  as  additional  measurements  over  areas  of  known  melting  snow  are 
needed  before  the  relationships  between  reflectance  and  snow  condition  are  completely  under- 
stood. 

Nevertheless,  the  results  of  the  analysis  of  Skylab  EREP  data  are  believed  to  be  suf- 
ficiently conclusive  to  warrant  careful  consideration  for  including  one  or  more  near-infrared 
spectral  bands  on  radiometers  to  be  flown  on  future  operational  satellite  systems.  Measure- 
ments in  the  near-infrared  spectral  region,  in  combination  with  visible  and  thermal  infrared 
measurements,  have  the  potential  for  providing  greatly  improved  information  with  regard  to 
snow  hydrology  and  thus  have  the  potential  for  providing  eventual  significant  cost  savings 
to  snow  survey  programs. 


ACKNOWLEDGEMENTS 


The  investigation  described  in  this  paper  was  supported  by  NASA  Johnson  Space  Center 
under  Contract  No.  NAS  9-13305.  The  authors  are  grateful  for  the  assistance  provided  through- 
out the  study  by  the  Technical  Monitor,  Mr.  Larry  B.  York,  of  the  Principal  Investigations 
Management  Office. 


REFERE.NCES 


1.  McClain,  E.P.,  1973:  Snow  Survey  from  Earth  Satellites,  World  Meteorological  Organiza- 

tion, iC'IO  Pub.  No.  3.S3,  Geneva,  42  pp. 


2649 


V 


I 


2.  Barnes,  J.C.,  and  C.J.  Bowley,  1974:  Handbook  of  Techniques  for  Satellite  Snow  Mapping, 

Report  prepared  under  Contract  NAS  5-21803,  Environmental  Research  8 Technology, 
Inc.,  Concord,  MA,  95  pp. 


I 


I 


I 

I 


; 

i 


3.  Barnes,  J.C.,  C.J.  Bowley,  J.T.  Parr,  and  M.D.  Smallwood,  1975:  Skylab-4  Visual  Obser- 

vations Project:  Snow  ^fapping  Experiment,  Final  Report,  Contract  No.  NAS  9-13974, 

Environmental  Research  5 Technology,  Inc.,  Concord,  MA,  (in  publication). 

4.  Barnes,  J.C.,  and  C.J.  Bowley,  1970:  The  Use  of  Environmental  Satellite  Data  for  Map- 

ping Annual  Snow-Extent  Decrease  in  the  Western  United  States,  Final  Report,  Con- 
tract No.  E-252-69(N),  Allied  Research  Associates,  Inc.,  Concord,  MA,  116  pp. 

5.  Strong,  A.E.,  E.P.  McClain,  and  D.F.  McGinnis,  1971:  "Detection  of  Thawing  Snow  and 

Ice  Packs  through  the  Combined  Use  of  Visible  and  Near- Infrared  Measurements  from 
Earth  Satellites",  Monthly  Weather  Review  99(11),  pp.  828-830. 

6.  Barnes,  J.C.,  C.J.  Bowley,  and  D.A.  Simmes,  lv74:  The  Application  of  ERTS  Imagery  to 

Mapping  Snowcover  in  the  Western  United  States,  Final  Report  under  Contract  NAS 
5-21803,  Environmental  Research  6 Technology,  Inc.,  Concord,  MA,  77  pp. 

7.  Bowley,  C.J.,  and  J.C.  Barnes,  1975:  The  Application  of  ERTS  Imagery  to  Mapping  Snow- 

cover  in  the  Western  United  States.  Supplemental  Report  under  Contract  Nas  5-21803 , 
Environmental  Research  § Technology,  Inc.,  Concord,  MA,  43  pp. 

8.  Rango,  A.,  V.V.  Salomonson,  and  J.L.  Foster,  1975:  Seasonal  Strcaniflow  Estimation  Em- 

ploying Satellite  Snowcover  Observations,  Preprint  X-913-75-26,  NASA/Goddard  Space 
Flight  Center,  34  pp. 

9.  O’Brien,  H.W. , and  R.H.  Munis,  1975:  Red  and  Near- Infrared  Spectral  Reflectance  of 

Snow,  Research  Report  332,  18  pp.,  U.S.  Army  Cold  Regions  Research  and  Engineer- 
ing  Laboratory,  Hanover,  N.H. 

10.  NASA,  1974:  Sky lab  Earth  Resources  Data  Catalog,  Doc.  No.  JSC-09016,  NASA/Johnson  Space 

Cente'  , Houston,  Texas  359  pp. 

11.  Chang,  D.T.  and  R.G.  Isaacs,  1975:  "Evaluation  of  Atmospheric  Effects  on  R.adiometric 

Measurements  Using  the  EREP  of  Skylab",  paper  presented  at  Annual  Meeting  of  AGU, 
Washington,  D.C.,  June  1975. 


I »*■ 

i 


f 


12.  Hunt,  G.R.,  J.W.  Salisbury,  and  J.T.  Bunting,  1974:  Distinction  Between  Snow  and  Cloud 

in  D^^SP  Satellite  Imagery:  A Preliminary  Report,  unpublished  report.  Terrestrial 

Sciences  Laboratory,  Air  Force  Cambridge  Research  L.aboratory,  llanscom  AFB,  MA,  15  pp. 


2650 


i 

V. 


RmoDUcmiLii  I 
OUOINAL  PAGE  lb 


O <4- 

o 

o 

> 

o 

o 

KJ 

u 

c 

(Nl 

n 

n 

4-* 

•o  o 

U 

c u 

o 

n < 

• 

cu 

4- 

5k 

o 

U 

• 

0) 

C4 

^ tz 

-0 

n 

a 

a; 

E 

• « 

tr. 

• p4 

KJ  to 

ra 

r- 

4> 

<N 

o • 

U 

ist  in< 


f > f" 

V 

f 

EREP  SI92  Spectral  Band 


Figure  4 


Graph  showing  S192  measured  radiance  vs.  spectral  band  for 
snowcovcr  in  the  Wasatch  test  site.  Triangles  indicate  sat 
urated  values. 


Figure  S 


liraph  showing  S192  measured  radiance  vs.  S]iectral  band  for 
snowcover  in  the  central  Aritona  test  site.  Triangles  in- 
dicate saturated  values. 


EREP  SI92  Spectrol  Band 


Figure  7 


Graph  showing  S192  measured  radiance  vs.  spectral  hand  for 
(A1  Siiowcover  and  fB1  clouds  in  Sierra  Nevadn-Kalker  Lake 
test  site  (dashed  lines  indicate  spectral  bands  for  which  no 
data  were  available).  Triangles  indicate  saturated  values. 


FACTORS  AFFECTING  SNOW  ASSESSMENT  FROM  LANDSAT  DATA 


W-2S 


By  David  F.  McGinnis,  Jr.,  Michael  C.  McMillem  and  Donald  R.  Wieanet 
National  Environmental  Satellite  Service,  NOAA,  Suitland,  Maryland 


ABSTRACT 


1f?6- 17611 


LANISAT  imagery  has  been  used  to  map  snow  extent  with  great  accuracy.  Present  orbit 
and  sensor  characteristics,  however,  restrict  LANDSAT  as  a snow  monitoring  satellite.  A 
better  understanding  of  the  complexities  affecting  the  radiation  reflected  by  a snowpack 
will  enhance  the  usefulness  of  remote  sensing  of  snow  from  airoriift  and  satellites. 
Problems  of  aspects  and  slopes  may  hinder  thematic  mapping  of  snow  but  cat.  be  resolved 
with  available  solar  tables.  Detection  of  snow  in  forested  areas  via  satellite  is  a 
problem  still  under  study. 


INTRODUCTION 


LANDSAT-1  (formerly  ERTS-1)  has  drawn  praise  as  a means  of  studying  snow;  "Snowline 
altitudes  were  also  determined  by  combining  ERTS  images  with  maps  with  an  accur'acy  of 
about  60  meters  under  favorable  conditions"  (Meier,  1973);  "...Remote  sensing  from  earth- 
orbiting satellites  offer  promise  for  the  development  of  a more  cost-effective  meai.s  for 
monitoring  snow  cover."  (Barnes  and  Bowley,  1973);  "ERTS-1  MSS  has  no  peer  as  a snow 
mapping  instrument."  (Wiesnet,  et  al. , 1975).  Salomonson  (1974)  presents  a detailed 
l ummary  of  the  E:  I'G  snow  experiments. 

A decade  of  research  in  snow  studies  from  earlier  National  Aeronautics  and  Space 
Administration  (NASA)  and  National  Oceanic  and  Atmospheric  Administration  (NOAA)  satellites 
had  permitted  evaluations  of  satellite  capability  in  detemnining  areal  extent  of  snow  and 
snowline  in  mountainous  areas  (McClain  et  al.,  1973,  and  Barnes  and  Bowley,  1369),  Snow 
"brightness"  was  related  to  snow  depth  (Barnes  and  Bowley,  1968)  and  near-infrared  (also 
called  "reflected-IR" ) reflectance  decrease  was  related  to  "melting"  snow  and  ice  surfaces 
(Strong  et  al. , 1971).  Snow  runoff  relations  in  the  Himalayas  (Salomonson  and  MacCleod, 
x372)  were  also  under  cci'Utiny.  P-ior  to  the  launch  of  LANDSAT-1  in  July  1972,  scientists 
in  seven  countries  had  beer,  experimenting  with  satellite  snow  studies  (McClain,  et  a.., 
1973). 

After  more  than  a decade  of  viewing  satellite  images  it  seems  appropriate  to  pause 
and  reflect  on  where  we  are,  how  we  got  there  and  where  we  ought  to  be  heading  in  refer- 
ence to  snow  studios  via  satellite  and  aircraft  remote  sensors.  Our  goal  in  NOAA  is 
better  understanding  and  better  applications  of  remote  measurements  of  snow  reflectance, 
because  it  is  through  understanding  that  better  mtasurements , sensors,  and  forecasts  will 
ultimately  be  made. 

^'easureII)ents  of  the  spectral  reflectance  of  snow  are  not  common  in  the  literature. 
Mantis  (1151),  and  O’Brien  ind  Muniu  (1975)  are  several  contributors.  A number  of  ' 
measurements  of  reflectance  and  albedo  exist,  especially  in  the  Soviet  literature,  but 
these  are  seldom  accompanied  by  details  of  the  type  cf  snow  or  its  physical  properties. 
Laboratory  studies  of  the  spectral  reflectance  of  snow,  and  how  it  is  affected  by  the 
physical  properties  of  the  snow,  are  needed.  Sun  angle,  sensor  angle,  time  of  day, 
temperature,  density,  degree  of  metamorphism,  grain  size,  etc.  affjct  reflectance  as 
Viewed  by  the  satellite  sensor.  Field  studies  of  these  parameters  are  needed  to  deter- 
mine the  effect  of  vertically  protruding  vegetation,  shadow  effects,  reflectance  effects 
of  underlying  soils,  rock  types,  etc.  Aircraft  studies  such  as  the  ERAP  U-2  ahd  P-3  data 
collections  are  necessary  fc;  improving  not  only  photo  interpretation  techniques  but  for 
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identifying  "noise"  in  the  system  and  for  measuring  attenuation  effects  of  the  atmosphere. 
Satellite  studies  using  satellites — Nimbus,  NOAA,  and  LANDSAT-1 — in  conjunction  with  one 
another  can  often  improve  interpretation.  (Wiesnet  and  McGinnis,  1974;  Salomonson, 

1974). 

Remote  sensing  of  snow  via  satellite  has  given  a new  perspective  on  snow  assessment. 
However,  tte  effects  of  spacecraft  orbit  and  sensors,  radiative  properties  of  snow,  solar 
irradiance  and  forest  cover  need  to  be  considered.  The  purpose  of  this  paper  is  to  discuss 
the  significance  of  these  factors  on  the  application  of  LANDSAT  data  for  snow  evaluation, 

IMPROVEMENTS  FOR  LANDSAT 


The  80-meter  ground  resolution  of  the  MSS  on  LANDSAT  produces  detailf  images  of 
excellent  cartographic  fidelity  for  snow  studies,  surpassed  only  by  Skylab  data.  Data 
from  this  sensor  has  enabled  snow  hydrologists  to  obtain  synoptic  data  in  unprecedented 
volumes.  However,  the  dynamic  nature,  as  well  as  the  radiative  properties,  of  a snow- 
pack  do  impose  several  constraints  in  using  the  current  LANDSAT  satellite  system  for  snow 
evaluation. 

Images  from  the  MSS  data,  whicli  cover  an  area  of  about  34,000  km^,  are  most  effectively 
used  for  snow  extent  mapping  in  small  or  moderately-sized  (250-30,000  km^)  river  basins, 
for  example,  the  American  River  basin  in  the  Sierra  Nevada.  Larger  basins,  the  Lake 
Ontario  drainage  basin  for  example,  have  proven  virtually  impossible  to  map  because  of  the 
necessity  of  cloud-free  conditions  during  adjacent  orbits  on  successive  days  (Wiesnet, 
McGinnis  and  McMillan,  1975). 

An  18-day  revisit  cycle  is  insufficient  for  adequate  assessment  of  changes  in  areal 
extent  of  a snowpack,  particularly  during  the  melt  season.  Changing  the  sensor  swath 
width  from  185  km  to  280  km  and  using  two  spacecraft  would  provide  a 5-day  repeat  cycle 
at  a sli^tly  degraded  resolution  (King,  1971).  Such  a combination  could  be  sufficient 
to  properly  monitor  many  of  the  mountainous  as  well  as  non-mount ainous  snow  areas.  The 
following  table  presents  various  combinations  of  spacecraft  and  the  resulting  repeat 
cycles  (from  McGinnis  and  Rango,  1975). 


Repeat  Period 

Satellite  Modification 

18  day 

1 ERTS 

10  day 

1 ERTS,  swath  width 
inci'eased  to  279  km 

9 day 

2 ERTS 

6 day 

3 ERTS 

5 day 

2 ERTS,  swath  width 
increased  to  279  km 

3 day 

6 ERTS 

Operational  hydrologic  assessment  is  further  limited  by  the  time  delay  necessary  for 
processing  and  shipping  the  data.  Establishment  of  "quick  look"  facilities  such  as  the 
Canadians  have  developed  would  greatly  improve  tt'e  value  of  LANDSAT  data  for  the  opera- 
tional community. 

Most  critical  for  the  evaluation  of  physical  changes  within  a snowpack  are  tne  optical 
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properties  of  a snowpack.  O'Brien  and  Munis,  1975,  published  a report  on  snw  spectral 
reflectamce  from  0.6  to  2.5um.  The  results  of  this  study,  however,  cannot  be 
immediately  applied  to  LANDSAT  data,  owing  to  the  low  saturation  limits  of  the  MSS.  This 
saturation  limit  hinders  studies  over  bright  snowfields  (Wiesnet,  McGinnis  and  McMillan, 
1975,  Oiap.  3). 

The  energy  range  of  the  Very  High  Resolution  Radiometer  (VHRR)  on  board  NOAA  environ- 
mental spacecraft  is  such  that  saturation  has  been  detected  only  in  cases  of  intense  sun- 
glint.  On  a scale  of  1 to  256,  a function  of  the  voltage  received  by  the  VHRR,  snow 
surfaces  have  produced  values  from  40  to  120 — far  below  the  saturation  limit  of  256.  This 
sensor,  however,  has  a spatial  resolution  of  but  900  meters. 

Studies  by  Barnes  et  al.  (1974)  using  Skylab  imagery  indicated  a unique  phenomenon  in 
the  reflective-IR  between  1.55-1.75um.  In  this  spectral  region  snow  is  highly 
absorbent  appearing  almost  black,  while  clouds  appear  white.  Hence,  it  is  very  easy  to 
distinguish  clouds  from  snow.  The  reflective-IR  limit  using  the  MSS  is  J.lym  (band  7), 
and  in  this  portion  of  the  sp>ectrum  clouds  and  snow  have  the  same  order  of  reflectance. 

An  additional  band  or  res tract uiing  of  the  existing  near-IR  band  of  future  MSS's  to 
include  the  1.55-1. 75um  region  would  appear  advantageous. 


RADIATIVE  PROPERTIES  OF  SNOW 


The  amount  of  radiation  absorbed  and  reflected  by  a snow  pack  depends  largely  on  its 
physical  r^roperties.  Many  of  these  physical  properties  change  significantly  as  the  snow 
undergoes  metamorphism.  Variables  responsible  for  the  physical  characteristics  of  the 
snow — such  as  crystal  size,  density,  temperature  profiles,  and  homogeneity — are  inter- 
related in  their  effect  on  the  spectral  radiation  reflected  by  snow.  It  has  been 
hypothesized  in  recent  articles  (Strong,  et  al. , 1971;  McGinnis,  1972;  Wiesnet,  1973) 
that  "melting"  snow  conditions  can  be  detected  from  space  with  near-IR  detectors.  This 
work  was  largely  based  on  simple  photo-interpretation  techniques  combined  with  knowledge 
of  concurrent  meteorological  conditions.  Since  water  is  highly  absorbent  at  near-IR 
wavelengths,  these  authors  inferred  by  using  a heuristic  approach  that  snow  whicli  appeared 
less  reflective  there  than  in  the  visible  band  must  have  had  water  present  at  its  surface, 
i.e.  it  was  "melting."  This  is  not  necessarily  always  the  case.  More  fundamentally,  the 
physical  changes  within  a snowpack  must  also  be  considered.  Whether  melting  snow  can  be 
identified  unambiguously  has  not  been  definitely  established. 

Recent  laboratory  work  by  O'Brien  and  Munis  (1975)  has  examined  changes  in  the 
spectral  reflectance  of  snow,  simulating  conditions  often  occurring  in  nature  during  the 
metamorphism  of  snow.  Figure  1 shows  a typical  example  of  the  spectral  reflectance  of 
snow  observed  under  sub-freezing  temperatures.  The  high  reflectance,  relatively  independ- 
ent in  the  red  portion  (0.6-0. 7iira)  of  the  spectrum  declines  greatly  in  the  near-IR. 


The  changes  in  snow  reflectance  for  natural  aging  samples  from  one  mid-winter  snow- 
fall are  presented  in  Figure  2.  Curve  A represents  a sample  collected  fourteen  hours 
following  cessation  of  the  snowfall.  A second  sample  (curve  B)  was  collected  thirty  hours 
later.  This  naturally  aged  snow  had  a slightly  higher  density  than  the  original  sample 
(0.104  g/cm^  compared  . "th  0.097  g/cm^)  although  clear,  sub-freezing  conditions  existed 
throughout  the  intervening  period.  Reflectance  values  over  the  entire  spectral  range  were 
lower  than  those  from  the  first  sample.  During  a period  when  afternoon  temperatures  rose 
to  7°C,  a third  sample  was  taken  after  almost  three  days  of  natural  aging.  The  density 
of  the  snow  had  increased  to  0.34  g/cm^.  A further  and  much  larger  drop  in  reflectance 
had  occurred  and  is  shown  in  curve  C. 


O'Brien  and  Munis  (1975)  state  that  spectral  reflectance  of  snow  in  the  red  and  near- 
infrared  portions  of  the  spectrum  exhibits  rather  predictable  changes  as  snow  ages 
naturally.  The  meteorological  conditions  during  aging,  however,  do  influence  the  degree 
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and  rate  of  change  of  the  reflectance. 

The  decrease  in  snow  reflectance  due  to  natural  aging  is  likely  to  be  the  result  of 
changes  in  the  physical  characteristics  of  the  si.ow  such  as  density  and  microstructure. 

I Blowing  and  drifting  of  the  snow  causes  densification  by  settling  and  wind  compaction. 
f f\  Melting  of  the  snow  not  only  increases  the  effective  mean  grain  size  and  density  by  melt- 
ing the  smaller  particles  first  but  it  also  produces  free  water  in  the  snow. 

Most  processes  related  to  the  aging  of  snow  result  in  an  effective  increase  in  ice 
particle  size.  In  calculating  the  theoretical  spectral  reflectance  of  a snow  cover  for 
varying  particle  sizes,  Dunkle  and  Bevans  (1956)  indicated,  "as  snow  ages  and  the  snow 
crystals  grow,  the  albedo  should  tend  to  decrease  from  the  initial  high  values."  A 
reduction  in  spectral  reflectance  is  thus  anticipated  from  the  combination  of  densifica- 
tion and  increased  particle  size  associated  with  aging. 

Radiation  reflected  from  a snowpack  is  affected  by  the  snowpack  depth  as  well  as 
internal  characteristics.  Some  radiation  penetrating  the  snowpack  may  be  absorbed  by 
underlying  vegetation  and  soil.  The  amount  of  incoming  radiation  reaching  the  ground 
surface  beneath  the  snow,  and  thus  the  amount  available  for  possible  absorption  is 
related  to  the  depth  of  the  snow  (Giddings  and  LaChapelle,  1961),  as  is  shown  in  Figure  3 
for  snow  with  an  underlying  black  surface.  Barnes  and  Bowley  (1969)  and  McGinnis  et  al. 
(’975)  have  used  this  relationship  to  estimate  snow  depth  from  ESSA  and  NOAA  satellite 
data.  LANDSAT  data  could  be  used  in  similar  studies  if  the  aforementioned  low  threshold 
of  detector  saturation  were  raised  sufficiently. 
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OTHER  FACTORS  AFFECTING  THE  REFLECTANCE  OF  SNOW  COVER 


Variations  in  snowpack  reflectance,  when  integrated  over  areas  of  0.64  ha.  (LANDSAT 
pixel  size)  and  from  spacecraft  altitudes,  are  also  due  to  aifferences  in  solar  angles, 
area  topography  and  forest  areas.  These  variations  can  significantly  disguise  the  snow- 
pack's  signal,  hindering  both  photo-interpretation  of  images  and  computer-assisted 
thematic  mapping  of  the  digital  data. 


Solar  Geometry 

Solar  geometry  configurations  of  primary  effect  are  the  declination  and  hour  angles. 
For  temporal  studies  at  one  location,  however,  variations  in  solar  hour  angle  become 
insignificant  due  to  the  LANDSAT  orbit.  The  spacecraft  is  programmed  to  cross  a given 
latitude  at  nearly  the  same  local  solar  time  each  day.  Images  at  that  location  would  all 
be  sensed  with  nearly  the  same  solar  hour  angle. 

The  range  of  solar  declination  (the  angular  distance  north  or  south  of  the  celestial 
equator)  is  largo  (47°)  and  the  effect  on  snowpack  irradiation  is  profound,  especially  at. 
higher  latitudes  (Lee,  1963).  Declination  is  predictable,  though,  and  tables  of  values 
for  specific  years  are  available  (for  example:  U.S.  Naval  Observatory,  1974a  and  b). 

Area  Topography 

Snowpack  irradiation  can  vary  greatly  due  to  the  area  topography.  These  variations 
are  largely  due  to  differences  of  slope  and  aspect.  Solar  radiation  is  not  transmitted 
vertically  to  most  snowpack  surfaces  in  mountainous  areas.  The  slope,  therefore,  may 
either  increase  or  decrease  the  amount  of  energy  received  per  unit  area.  Similarly,  snow- 
pack aspect  may  affect  the  amount  of  incident  radiation.  In  the  Northern  Hemisphere, 
south-oriented  slopes  receive  mere  radiation  than  northern  slopes.  Since  LAl-lDSAT  cresses 
the  equator  before  solar  noon,  east  facing  slopes  are  receiving  more  energy  than  western 
slopes  when  sensed.  Tables  of  potential  solar  beam  irradiation  for  various  slopes,  aspects 
and  dates  are  available  (Frank  and  Lee,  1966). 
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Forest  Cover 


Heavy  vegetative  cover,  such  as  conifero\is  forests,  can  also  significantly  alter  the 
asDOunt  of  solar  radiation  reaching  a spacecraft  from  snowfields.  LANDSAT's  current 
sensors  integrate  over  an  area  approximately  0.64  haj  an  area  of .en  containing  consider- 
^le  forest  cover.  This  cover  masks  the  snowpack  directly  through  its  mass  and 
indirectly  through  its  shadows.  The  distribution  of  snow  is  also  altered  by  the  trees, 
clearings  generally  accumulating  more  snow  (Hoover,  1971).  Althou^  up  to  one- third  of 
falling  snow  is  caught  in  conifer  crowns  (Satterlund  and  Haupt,  1970)  the  albedo  remains 
low.  Leonard  and  Eschner,  1968,  report  the  albedo  of  snow-covered  coniferous  forests  is 
very  low,  0.14  to  0.20. 

Several  methods  have  been  used  to  offset  the  effect  of  forest  cover  in  LANDSAT  data. 
Foster  and  Rango,  1975,  reported  success  by  slightly  over-exposing  diazo  esochrome  film 
to  increase  the  contrast  between  forest  with  and  without  snow.  Lauer  and  Draeger,  1974, 
developed  a technique  of  alternately  viewing  summer  and  winter  scenes.  This  allows  the 
interpreter  to  integrate  the  appearance  of  the  snow  with  information  regarding  the  type, 
density  and  distribution  of  the  vegetation  and  terrain.  Itten  (1974,  personal  comiuunica- 
tion)  has  reported  limited  success  in  a multispectral  signature  approach  to  distinguish- 
ing snow  in  forested  areas.  Evans,  1974  (p.  44),  reported  computer  assisted  multispectral 
analysis  of  LANDSAT  data  as  the  "most  promising  approach  to  reducing  the  subjectivity  of 
snow  area  measurements." 


CONCLUDING  REMARKS 


The  satellite  signal  received  from  a snowpack  results  from  a complex  interrelation  of 
various  internal  physical  properties  of  the  snow.  Various  snow  field  aspects  and  slopes 
may  hinder  thematic  mapping,  but  normalization  problems  can  be  resolved  with  available 
t^les.  Detection  of  snow  in  forested  areas  presents  problems;  however,  several  pi-omising 
approaches  are  already  being  explored  to  achieve  a solution. 

LANDSAT-1  and  -2  have  revealed  the  potential  for  multispectral  studies  of  snow.  With 
minor  modifications  of  sensor  and  orb't,  future  spacecraft  could  become  "SNOWSAT's." 
Raising  the  detector  saturation  threshold  and  extending  the  upper  spectral  limit  of  the 
MGS  will  not  only  improve  mapping  of  snow  extent,  but  provide  the  likelihood  of  monitoring 
some  aspects  of  the  physical  condition  of  the  snowpack. 
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Figure  1.  - Typical  spectral  reflectance  curve  for  snow  (O'Brien  and  Munis,  1975), 
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Figure  3.  - Variation  of  albedo  with  snow  thickness  (Giddings  and  LaChapelle,  1961). 
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OPERATIONAL  WATER  MANAGEMENT  APPLICATIONS  OF  y^-26 

SNOWCOVERED  AREA  OBSERVATIONS 

By  Albert  Range  and  Vincent  V.  Salomonson,  NASA  Goddard  Space  Flight  Center, 

Greenbelt,  Maryland,  and  James  L.  Foster,  University  of  Maryland,  College  Park,  Maryland.  i 

ABSTRACT  N76-1.761* 

Timely  and  accurate  prediction  of  snowmelt  runoff  has  great  value  in  the  Western  United  States 
for  organizations  or  individuals  involved  in  power  generation,  irrigation,  flood  control,  management 
of  domestic  and  industrial  water  supplies,  and  recreation.  An  effort  has  been  made  to  evaluate  the 
utility  of  satellite  snowcover  observations  for  seasonal  streamflow  prediction.  On  a representative,  t 

large  watershed  (10*  to  10®  km*)  it  was  found,  based  on  six  years  of  data,  that  meteorological  satel- 
lite observations  of  snowcover  early  in  the  snowmelt  season  exhibit  a relationship  to  seasonal  runoff 
having  a statistically  significant  coefficient  of  determination  of  0.92.  Analyses  of  LANDSAT-1  snow- 
cover ( bservations  over  the  Wind  River  Mountains  of  Wyoming  reveals  that  for  areas  with  infrequent 
cloud  cover  the  extent  of  snowcover  and  its  change  with  time  can  be  monitored  on  watersheds  as 
small  as  10  km^  in  areal  extent.  The  change  inthesnowcoverwith  time  as  observed  from  LANDSAT-1 
is  found  to  reflect  major  differences  in  seasonal  runoff  from  high  altitude  (mean  altitude  >3  km)  and 
low  altitude  (<3km)  watersheds.  There  are  quantitative  indications  that  LANDSAT  observations  over 
small  watersheds  could  be  used  in  a manner  similar  to  that  employed  for  meteorological  satellite  ob- 
servations to  relate  the  percent  of  a basin  snowcovered  on  a given  date  to  seasonal  runoff. 

As  an  outgrowth  of  the  results  derived  in  the  study  referred  to  above,  as  well  as  others  in  the 
LANDSAT  Program,  an  Applications  Systems  Verification  Test  (ASVT)  has  been  initiated  in  four 
areas  of  the  Western  United  States.  Six  federal  agencies  and  three  states  agencies  are  participating. 

Results  and  experience  derived  from  the  analysis  of  three  years  of  LANDSAT  snowcover  observa- 
tions during  the  1973,  1974,  and  1975  snowmelt  periods  are  being  compiled  in  preparation  for  a 
Workshop  to  be  held  in  August,  1975. 


INTRODUCTION 

The  melting  of  the  snowpack  in  the  Spring  is  the  source  of  greater  than  50  percent  of  streamflow 
in  most  areas  of  the  Western  United  States  (Committee  on  Polar  Research,  1970  and  Rooney,  1969). 
The  early  prediction  of  the  amount  of  runoff  to  be  derived  from  the  snowpack  allows  more  efficient 
utilization  of  the  limited  water  resource  for  power  generation,  irrigation,  flood  control,  domestic 
and  industrial  water  supplies,  and  recreation.  For  the  Western  United  States,  error  in  seasonal 
runoff  forecasts  prepared  on  1 April  ranges  from  7 to  40  percent,  with  an  average  of  approximately 
18  percent  (U.S.  Department  of  Interior,  1974).  These  discrepancies  are  due  to  errors  inherent  in 
the  procedures  used  and  to  erre  s resulting  from  variations  in  the  weather  after  1 April.  The  pro- 
cedural errors  tend  to  remain  constant  throughout  the  runoff  season,  whereas  the  errors  due  to  un- 
certainties in  the  weather  decrease  markediy  as  snowmelt  progresses.  The  errors  in  predicted 
runoff  tend  to  be  largest  in  years  of  unusually  heavy  or  light  snowpack  accumulation. 

Observation  of  the  areal  extent  of  the  snowpack  has  long  been  recognized  as  an  important  (but 
difficult  to  obtain)  hydrologic  parameter  related  to  both  the  average  .snowpack  water  equivalent  and 
the  snowmelt-derived  runoff.  The  rate  at  which  the  snowcover  depletes  is  an  index  which  is  in- 
versely related  to  the  snow  water  equivalent  and  the  generated  snowmelt  runoff.  As  the  snow  leaves 
the  low  elevations  of  the  watershed,  the  hydrograph  begins  to  rise  and  continues  to  do  so  unt*.  the 
snowpack  area  reaches  a critical  value  where  meteorological  snow’melt  conditions  cannot  prcxiuce 
ever  increasing  amounts  of  runoff.  The  hydrograph  then  begins  to  recede  until  the  remaining  snow- 
pack disappears  and  the  runoff  is  maintained  by  baseflow.  The  slower  the  snowline  retreats  up  the 
watershed  to  the  elevation  where  the  hydrograph  starts  a downward  trend,  the  greater  the  resulting 
runoff  volume  and,  usually,  peak  flow. 
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The  purpose  of  this  study  was  to  examine  the  possibilities  of  seasonal  streamflow  estimation  em- 
ploying satellite  snowcover  observations,  both  from  existing  long  term,  low  resolution  meteorologi- 
cal satellite  data  and  from  the  nev/ly  available  high  resolution  muUispectral  satellite  information. 
There  are  various  reasons  why  satellite  snowcover  data,  if  proved  effective,  would  be  desired  by 
water  resources  agencies  in  preference  to  aircraft  or  ground  derived  data.  Fatal  accidents  have  oc- 
curred during  both  ground-based  and  aerial  snow  surveys,  and,  as  a result,  the  safety  factor  would 
optimumly  increase  with  unmanned  space  surveys.  Wiesnet  and  McGinnis  (1974)  have  shown  that 
snow  extent  mapping  is  both  six  times  faster  from  LANDSAT-1  imagery  than  from  high  altitude  aerial 
photographic  surveys,  and  that  the  cost  of  snow  maps  produced  from  LANDSAT-1  is  about  one-two 
hundredth  the  cost  of  the  simplest  maps  made  from  aircraft  surveys,  In  addition,  the  procedures  for 
mapping  snowcover  from  space  and  its  excellent  comparison  with  conventionally  derived  snowcover 
maps  have  been  documented  by  many  investigators.  Such  techniques  and  results  have  been  compiled 
in  handbook  form  by  Barnes  and  Bowley  (1974).  Ground-based  snow  observations  are  gradually  being 
restricted  in  mountainous  areas  as  a result  of  marked  increases  in  wilderness  areas  developed  under 
the  1964  Wilderness  Act.  Because  these  areas  are  continually  increasing  and  accessibility  to  high  al- 
pine snowpack  areas  is  continually  decreasing,  satellite  observations  may  be  the  way  to  serve  both 
the  environmentalist's  and  the  snow  surveyor's  objectives.  Even  in  nonrestricted  areas  snow  data 
are  difficult  to  obtain  from  remote  regions  and  often  too  few  and  perhaps  unrepresentative  samples 
are  available.  Remote  sensing  provides  a reasonable  way  to  monitor  snow  in  these  remote  regions, 
and  the  data  may  even  eventually  be  used  to  extrapolate  conventional  point  data  more  effectively  over 
entire  watersheds.  Finally,  some  numerical  watershed  models  are  beginning  to  require  the  input  of 
the  observed  snowcovered  area.  Satellite  derived  snowcover  seems  lo  be  a logical  source  for  satis- 
fying such  requirements  in  the  future. 

Even  though  it  has  been  shown  that  snow  extent  can  be  accurately  measured  from  LANDSAT-1 
imagery  (Barnes,  Bowley,  and  Simmes,  1974),  there  has  been  some  question  about  usefulness  in 
terms  of  predicting  snowpack  yield  or  seasonal  runoff  in  view  of  the  fact  that  only  the  area  covered 
snow,  and  not  snow  depth  or  water  equivalent,  is  observed.  This  is  true  of  all  visible,  near  in- 
frared, or  thermal  infrared  sensors,  no  matter  what  their  resolutions.  Only  two  years  of  snowcover 
versus  runoff  information  exist  for  lANDSAT-1  (or  NOAA-2>,  and  this  is  generally  not  a sufficient 
number  of  observations  to  indicate  the  validity  of  any  empirical  statistical  relationship  that  might  ap- 
pear to  exist  between  snowcovered  area  and  runoff.  As  a result,  longer  duration  data  than  presently 
exists  for  LANDSAT-1  had  to  be  obtained. 

Using  the  Image  Dissector  Camera  System  on  Nimbus  3 and  4,  Salomonson  and  MacLeod  (1972) 
mapped  the  areal  extent  of  snowcover  over  the  Indus  River  Basin  in  the  Western  Himalayas.  The  ar- 
eal extent  of  snowcover  for  1969  and  1970  was  plotted  so  as  to  relate  a decrease  in  the  snowcover  to 
an  increase  in  the  mean  monthly  runoff.  The  results  by  Salomonson  and  MacLeod  (1972)  indicated  that 
some  success  might  be  achieved  in  predicting  the  seasonal  runoff  volume  or  the  level  of  jieak  dis- 
charge if  the  snow  areal  extent  in  late  winter  or  early  spring  were  monitored  by  satellite.  Because 
several  years  of  meteorological  satellite  data  now  exist,  this  research  has  been  extended  to  cover 
six  years  of  snowcover  versus  runoff  and  to  test  whether  an  empirical  relationship  of  statistical  sig- 
nificance was  evident.  Additionally,  LANDSAT-1  data  have  been  used  over  seven  watersheds  in  the 
Wind  River  Mountains  of  Wyoming  to  determine  if  any  of  the  relations  prevalent  on  the  Indus  River 
might  similarly  exist  on  relatively  small  watersheds. 


STUDY  AREAS  AND  DATA  SOURCES 

The  Indus  River  Basin  above  Attock,  Pakistan  covers  approximately  260,000km’  with  elevations 
ranging  from  305  m at  the  streamgage  (HID  Station  HD-23)  to  over  8,500  m in  the  Hindu  Kush,  Kara- 
koram, and  Himalayan  Mountains,  .^t  the  time  of  the  study,  no  major  diversions  for  water  resources 
projects  occurred  above  thr  streamgage  thus  making  the  recorded  flow  indicative  of  the  snowmelt 
runoff.  Watersheds  this  large  without  significant  flow  diversions  do  not  exist  in  the  United  States. 
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Streamflow  data  were  received  from  the  Pakistan  Water  and  Power  Development  Authority  for  1967- 
1972,  The  4 km  resolution  Advanced  Vidicon  System  on  various  ESSA  satellites  provided  coverage 
for  the  years  1967-1972,  and  similar  resolution  Scanning  Radiometer  data  from  NOAA  satellites  are 
available  for  1973  and  1974. 

The  Wind  River  Mountains  are  located  in  west  central  Wyoming  and  range  in  elevation  from  2000 
to  5000m.  Two  major  rivers  rise  out  of  the  Wind  River  Range,  namely,  the  Green  and  Wind  Rivers, 
and  flow  diversions  for  irrigation  are  numerous:  only  in  the  extreme  headwaters  or  on  small  t>  ibu- 
taty  streams  do  relatively  unimpaired  records  exist.  Seven  such  small  watersheds  were  selected 
ranging  in  the  area  from  200km*  to  1200km^.  Preliminary  streamflow  records  for  1973  and  1974 
were  supplied  by  the  U.S.  Geological  Survey  for  the  seven  streamgages.  Eighty  meter  resolution 
LANDSAT-1  multispectral  scanner  data  in  the  0. 5-0.6,  0.6-0. 7,  0.7-0. 8,  and  0.  8-1.  Ipm  wave- 
length bands  were  available  from  July  1972  to  the  present. 


METHODS 

Images  over  the  Indus  River  Basin  from  April  through  July  were  selected  from  35  mm  microfilm 
rolls  of  available  ESSA  and  NOA.\  satellite  data.  The  data  were  scanned  on  a daily  basis  and  approx- 
imately one  clear  image  per  week  over  the  Indus  Basin  was  selected  and  made  into  a 35  mm  positive 
slide.  The  35  mm  slides  were  projected  onto  a 1:2,000,000  scale  aeronautical  chart  of  the  basin  and 
the  scale  of  tl\e  image  adjusted  using  a zoom  lens  to  fit  the  chart.  The  amount  of  snowcover  was  then 
mapped  from  the  chart  onto  a transparent  overlay  and  the  percent  of  snowcovered  area  calculated 
with  a planimeter.  Due  to  a lack  of  detail  on  maps  of  this  scale  and  the  large  size  of  the  basin,  the 
snowline  altitude  was  not  calculated  for  the  Indus  Basin. 

In  order  to  simulate  a prediction  situation,  percent  snowcover  area  from  satellite  images  be- 
tween 1-15  Aprii  of  each  year  were  averaged  and  plotted  against  the  seasonal  runoff  occurring  from 
1 April  to  30  June.  A regression  equation  for  the  years  1967-1971  was  developed  initially.  When  the 

1972  snov,  cover  cafca  were  obtained,  the  regression  equation  was  used  to  predict  the  seasonal  stream- 
flow.  Subsequently , the  1972  snowcover  and  runoff  data  were  incorporated  into  the  regression  relation. 

LANDSAT-1  imagery  was  obtained  for  each  pass  over  the  Wind  River  Mountains  watersheds  for 

1973  and  1974  in  the  standard  photographic,  single-band  1:1,000,000  scale  positive  transparency  for- 
mat. Generally,  only  the  0.  6-0.  7/jm  black  ami  white  transparencies  were  used  for  snowcover  area 
extraction.  The  snow  was  mapped  using  the  IANDSAT-1  transparencies,  U.S.  Geological  Survey 
1'250,000  scale  topographic  maps,  and  a zoom  transfer  scope.  The  zoom  transfer  scope  with  its 
mirrors,  lenses,  and  pcale  adjustments  allowed  the  1:1,000,000  scale  image  to  be  superlmposetl  op- 
tically onto  the  map  so  that  drainage  areas  could  be  delineated  and  snowlines  mapped  at  a scale  of 
1:250,000.  Once  the  snowline  was  located,  the  percent  and  area  of  snowcover  within  a given  water- 
shed was  calculated  with  the  aid  of  a planimeter.  lANDSAT-1  snow  mapping  was  facilitated  by  ex- 
amining false  color  composites  employing  0.5-0. 6,  0.6-0. 7,  .and  0.8-1,  lum  data  taken  during  the 
summer  so  that  forested  and  bare  rock  areas  could  be  located  and  positionetl. 

The  percent  snowcovered  area  on  15  May  in  1973  and  1974  for  each  watershed  was  plotte<i  versus 
the  15  May-31  July  seasonal  runoff  for  the  high  elevation  watersheds  (G  data  jx^ints)  and  the  low  ele- 
vation w’atersheds  (8  data  points).  A regression  analysis  was  i)erformed  on  these  two  data  sets  as- 
suming that  the  watersheds  within  each  elevation  group  were  ver>’  similar  in  all  resj)ects.  Factor.^ 
that  could  contribute  to  the  total  regression  variance,  however,  were  recognized  as  differences  iu 
watershed  shape,  percentage  of  forest  cover,  and  mesoscale  meteorologj'  and  climatologj-.  In  order 
to  account  for  variations  in  watershed  size  and  subsequent  .-ainoff,  the  streamflow  data  were  con- 
verted to  discharge  iier  unit  area  values. 


RESULTS  AND  DISCUSSION 


Figure  1 presents  an  example  of  the  annual  variation  in  snowcover  at  the  beginning  of  April  over 
the  Indus  River  Basin  as  observed  from  ESSA  9.  Early  April  was  chosen  as  the  beginning  of  signif- 
icant snowmelt  and  the  index  time  for  predicting  the  April-June  seasonal  runoff.  Figure  1 shows  that 
on  4 April  1969  the  snowcover  was  heavy  and  covered  60  percent  of  the  basin.  Resulting  seasonal 
runoff  was  about  29.6  million  acre-feet  (3.65  x 10**’m^).  On  3 April  1971,  however,  the  snowcovered 
area  was  44  percent  and  the  subsequent  seasonal  runoff  totalled  approximately  25  million  acre-feet 
(3. 08  X lO'^’m^).  The  scenes  in  Figure  1 were  indicative  of  the  2-3  scenes  that  were  averaged  be- 
tween 1-15  April  of  1967-1971,  and  the  snowcover  area  mapping  was  easily  accomplished. 

The  1967-1971  average  percent  basin  snowcover  for  1 -15  April  was  then  plotted  against  the  1 
April  - 30  June  corresponding  measured  runoff  in  acre-feet  (m^)  and  a straight  line  relationship  was 
evident.  A significant  linear  regression  equation  was  derived  using  these  points  which  took  the  form 
R = (.2888  + 11.98)  x 10*  where  R is  the  April  to  June  yield  in  acre-feet  and  S is  the  percent  basin 
snowcovered.  The  coefficient  of  determination,  r^,  for  this  equation  is  0.91  (significant  at  the  one 
percent  level)  and  the  standard  error  was  5 percent  of  the  mean  seasonal  yield.  When  the  1972  satel- 
lite snowcover  data  became  available,  the  above  regression  equation  was  used  to  predict  the  April- 
June  1972  seasonal  runoff.  The  satellite-measured  1-15  April  average  snowcover  was  67.3  percent 
and  the  predicted  April-June  yield  was  31.5  million  acre-feet  (3.88  x lO'^'m^).  When  the  1972  stream- 
gage  records  were  obtained,  the  actual  April-June  yield  was  determined  to  oe  32.3  million  acre-feet 
(3. 98  X lO'Om^).  The  difference  between  predicted  and  actual  yield  was  only  0. 86  million  acre-feet 
(1.06  X 10^  m^)  or  within  three  percent  of  the  actual  seasonal  yield.  Figure  2 shows  the  1967-1972 
snowcover  versus  seasonal  yield  data  plotted  and  a new  regression  line  obtained  by  incorporating  the 

1972  data  into  the  relation.  The  new  equation  is  R = (.3008  + 11. 52)  x 10'’  with  r^  being  0. 92  (signif- 
icant at  tlie  one  percent  level)  and  the  standard  error  again  equalling  5 percent  of  the  mean  seasonal 
yield. 

These  results  indicate  that  even  though  snow  depth  or  water  equivalent  are  not  directly  meas- 
ured, it  appears  that  areal  snow  extent  is  a useful  index  parameter  for  aiding  in  the  prediction  of  sea- 
sonal runoff  on  a large  data-sparse  watershed.  Because  watersheds  of  this  size  and  relatively  undis- 
turbed nature  are  not  commonly  found  in  areas  such  as  the  United  8tates,  the  same  kind  of  test  was 
applied  to  several  very  small  watersheds  in  Wyoming  using  the  high  resolution  l^NDSAT-1  data. 

Figure  3 is  a 0.6-0.7/im  view  of  the  Wind  River  Mountains  taken  in  August  1972  which  delineates 
the  seven  watersheds  selected  for  analysis.  The  Green,  Pine,  East  Fork,  and  Big  Sandy  watersheds 
are  in  the  Colorado  River  Basin,  whereas  Bull  Lake,  Dinwoody,  and  Wind  are  in  the  Missouri  River 
Basin.  More  importantly,  for  this  analysis.  Wind  River,  Green  River,  East  Fork  River,  and  Big 
Sandy  River  were  grouped  as  low  watersheds  with  mean  elevations  less  than  3050  m.  Bull  Lake  Creek, 
Dinwoody  Creek,  and  Pine  Creek  all  had  mean  elevations  in  excess  of  3050m  and  were  grouped  as 
high  watersheds.  The  smallest  watershed  under  study  was  Pine  Creek  (200km-)  and  tlie  largest  was 
Green  River  (1200km-). 

As  an  example  of  the  kind  of  snowcover  changes  observed  during  the  course  of  a year  with 
LANDl'iAT-l,  Figure  4 presents  four  0.6-0. 7pm  views  of  the  Wind  River  .Mountains  during  the  1972- 

1973  snow  season.  The  6 August  scene  shows  bare  rock,  late-lying  alpine  snow,  and  glaciers  .above 
the  tree  line  during  minimum  snowcover.  The  10  December  scene  illustrates  total  snowcover  over 
the  entire  area  with  the  darker  tones  indicating  areas  of  forest  cover  over  the  snowpack.  The  21  May 
and  8 June  scenes  are  taken  during  the  active  snowmelt  season  and  display  the  kind  of  changes  detect- 
able from  one  LANDSAT-1  pass  to  the  next.  To  illustrate,  in  the  21  May  scene  Bull  Lake  Creek  and 
Green  River  are  86  and  55  percent  snowcovered,  respectively.  Because  of  persistent  snowmelt  ! r- 
ing  the  18  da\  interval  between  satellite  passes,  8 June  snowcover  has  decreased  to  58  jjercent  for 
Bull  Lake  Creek  and  27  percent  for  Green  River.  Such  clear  imagery  was  common  during  the  melt 
season,  and  only  in  a few  instances  was  a particular  watershed  obscured  by  clouds  during  a 
LANDSAT-1  overpass  in  1973  and  1974. 
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In  an  attempt  to  produce  a quantitative  snowcover-runoff  relationship,  i.e. , a regression  equa-  - 

tion  similar  to  that  derived  for  the  Indus  River,  the  available  data  were  treated  as  two  different  data  | 

sets  based  on  elevation.  In  Figare  5 the  percent  snowcover  on  15  May  (S)  is  plotted  against  the  sea- 
sonal runoff  from  15  May-31  July  (R)  in  cfs/mi^(m^/secAm')  for  the  three  high  elevation  water-  / 

sheds  for  both  1973  and  1974.  In  order  to  increase  the  data  base  for  a regression  analysis,  the  three 
high  elevation  watersheds,  although  possessing  some  ditt'erences,  were  assumed  to  be  alike  enough  ^ 
to  be  treated  as  a single  watershed.  Six  data  points  were  thus  available  for  the  two  years  and  the  re- 
sulting regression  was  R = 30S  - 2198  with  a r^  of  0. 89  significant  at  the  one  percent  level  and  a 
standard  error  equal  to  13  percent  of  the  mean  seasonal  yield  (15  May-31  July).  For  the  lower  ele- 
vation watersheds,  the  same  similarity  assumption  was  made  and  the  data  plotted  in  Figure  6.  The  | 
equation  was  R = 5. 8S  - 156  with  a r^  of  0. 85  significant  at  the  one  percent  level  and  a standard  er- 
ror equal  to  14  percent  of  the  mean  seasonal  yield.  Although  a crude  estimate  of  seasonal  runoff 
could  be  made  for  nearby  watersheds  using  these  equations  based  on  only  two  years  of  data,  the  real  ' 

importance  of  such  relations  rests  in  the  fact  that  the  changes  in  ax'eal  snow  extent  as  observed  from 
space  are  quantitatively  related  to  snowmelt  runoS  and,  as  a result,  indirectly  to  the  volume  of  wa- 
ter on  a watershed.  With  an  adequate  number  of  years  of  snowcover  versus  runoff  observations  on  • 

single  watersheds,  seasonal  runoff  predictions  could  possibly  be  made  from  space.  More  impor- 
tantly, however,  these  data,  if  combined  with  conventionally  gathered  data  used  for  streamflow  fore- 
casting, should  be  useful  for  reducing  the  errors  associated  with  current  prediction  techniques.  Be- 
cause streamflow  predictions  are  needed  before  the  time  of  snowcover  breakup  - about  1 May  in  the 
Wind  River  Mountains  - the  satellite  data  could  be  used  later  in  the  snowmelt  season  to  update  and 
refine  the  earlier  conventional  predictions.  The  U.S.  Department  of  Interior  (1974)  sponsored  study 
has  shown  that  such  late  season  refinements  may  be  worth  considerable  amounts  of  money  for  power 
generation  alone. 


OPERATIONAL  APPLICATIONS 

The  capability  of  the  LANDSAT  and  NOAA  satellites  to  accurately  measure  snowcovered  area  on 
various  size  watersheds  has  been  demonstrated  in  several  research  projects  sponsored  by  NASA , 

NOAA , and  other  agencies . Additionally , the  research  previously  mentioned  in  this  paper  has  pro- 
vided an  indication  that  satellite -derived  snowcovered  area  can  be  employed  as  an  additional  param- 
eter in  the  prediction  of  snowmelt -derived  runoff.  Because  of  the  (^tositive  results  in  these  two 
areas,  the  decision  was  made  to  operationally  test  the  use  of  remotely  sensed  snowcovered  area  for 
improving  snowmelt  runoff  forecasts  in  an  Applications  Systems  Verification  Test  (ASVT)  Program 
where  quasi-operational  evaluations  of  total  technical  capability  are  performeo.  The  objective  of  a 
NASA  ASVT  project  is  to  provide  all  of  the  information  necessary  for  a potential  user  to  make  effec- 
tive decisions  concerning  the  implementation  of  the  technology  in  an  o|K-rational  applications  system.  , 
Mandatory  products  from  an  ASV'T  are  a documented  methodology  suitable  for  widespread  use,  a y 

comprehensive  user  evaluation  of  the  systems  accuracy  and  reliiibility , and  a comploto  cost-bonofit 
relationship  study. 

The  Operational  Applications  of  Satellite  Snowcover  Observations  (OASSO)  project  became  part  of 
the  NASA  ASVT  Program  in  July  1974.  Being  conducted  in  cooperation  with  nine  operational  water 
management  agencies  in  the  Western  U.S. , the  OASSO  project  is  scheduled  for  completion  in  1978. 

The  general  objectives  of  OASSO  are: 

1.  Map  snowlines,  areal  snowcover,  and  associated  changes  in  snowcover  using  satellite  data 
for  the  1973  and  x974  snow  seasons  in  four  separate  Western  U.S.  study  areas  in  order  to 
evaluate  the  usefulness  of  the  data  had  they  been  available  in  near  real-time. 

2.  Map  snowcover  changes  through  FY  78  in  each  of  the  study  areas  in  a near  real-time  mode 
(data  to  user  < 72  hours)  so  that  the  data  base  can  be  e.\tended  to  a total  of  at  least  five 
years. 
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3.  Compare  and  evaluate  satellite-derived  snow  mapping  products  with  reference  to  products 
from  conventionally -derived  snow  data. 

4.  Develop  or  modify  methods  in  an  operational  framework  over  the  study  period  that  will  d)1'>w 
incorporation  of  satellite  derived  snowpack  observations  into  the  prediction  of  snowmci.' 
derived  streamflow  for  specific  areas. 

5.  Produce  a documented  methodology  and  cost/benefit  anaysis  sufficient  for  user  organizations 
to  make  Go/No  Go  decisions  concerning  the  use  of  this  satellite-assisted  snowm< -nnoff 
methodology  in  their  operational  responsibilities. 

Each  of  the  four  study  areas  in  the  West  have  operational  agenc>  peisonnel  working  in  coopera- 
tion with  remote  sensing  specialists  to  adapt  the  existing  technology  to  water  supply  forecasting 
needs.  Tables  I through  IV  present  the  study  area  organization,  watersheds  under  investigation,  and 
the  applications  of  the  data  for  Arizona,  California,  Colorado,  and  the  Northwest,  respectively. 
NOAA's  National  Environmental  Satellite  Service  (NESS)  is  also  participating  in  the  OASSA  project  by 
supplying  operational  NOAA  satellite  data  and  supporting  research  as  shown  in  Table  V. 

The  agencies  participating  in  the  project  are  interested  in  substituting  satellite  snowcover  meas- 
urements for  many  of  the  conventional  low  altitude  aircraft  sur\’eya,  and  at  the  same  time  using  the 
satellite  information  t'  identify  critical  snowmelt  situations  where  it  would  be  advantageous  to  fly  an 
aircraft  miosion.  Moreover  they  would  like  to  use  satellite  snowcove  r data  to  obtain  additional  snow - 
pack  knowledge  from  restricted  access  wilderness  areas  and  other  remote  regions.  One  of  the  prin- 
cipal goals  for  all  study  areas  is  to  use  satellite  information  to  reduce  existing  streamflow  forecast 
errors,  primarily  by  updating  forecasts  after  April  1 through  the  end  of  the  snowmelt  season.  Pro- 
cedural forecast  error*  would  thus  be  treated  rather  than  the  early  season,  weather -variability 
errors. 

In  an  attempt  to  reduce  forecast  errors , historical  records  are  being  analysed  and  correlated  to 
conventional  watershed  and  snowpack  measurements.  It  is  hoped  that  with  five  years  of  satellilodatn 
as  a base,  meaningful  snowcovered  area  Indices  could  be  used  in  normal  regression  approaches  to 
streamflow  forecasting.  Additionally,  various  numerical  watershec  models  are  being  employed  with 
the  snowcovered  area  estimates  in  the  study  areas  to  attempt  to  improve  shorter  duration  runoff 
forecasts.  The  Streamflow  Simulation  and  Reservoir  Regulation  (SSARR)  model  used  by  the  Colum- 
bia River  Forecasting  Service,  as  an  example,  requires  the  input  of  snowcovered  area  for  generating 
daily  streamflows.  Satellite  snowcover  data  will  be  input  to  the  SSARR  model  for  studyii  possible 
improvements  in  streamflow  forecasts  for  past  years  as  well  as  for  current  years.  The  ’ dity  of  the 
remotely  sensed  data  for  the  various  models  being  tested  will  be  assessed  .and  documented. 

In  order  to  capitalize  on  the  approaches  being  used  .and  experience  being  gained  in  each  of  the 
study  areas,  a workshop  on  the  Operational  Applications  of  Satellite  Snowcover  Observations  will  lie 
held  August  18-20,  1975  at  South  Lake  Tahoe,  California  sponsored  by  NASA  .and  the  University  ' f 
Nevada.  The  major  objective  is  to  discuss  solutions  to  various  snow  mapping  problems  and  gain  new 
insights  as  to  how  the  satellite  derived  information  can  be  used  for  improving  streamflow  forecasts. 
Additionally  the  workshop  will  attempt  to  promote  an  exchange  of  information  between  operational 
.ater  management  interests  and  remote  sensing  specialists  through  presentations  concerning  the  on- 
going operational  test  of  SiStellite  information,  recent  progress  in  remote  sensing  of  the  snowpack, 
and  pertinent  snow  survey  and  snow  hydrology  studies. 

At  the  end  of  the  OASSO  project  the  user  agencies  will  evaluate  the  utility  of  the  satellite  data  in 
light  of  their  own  unique  requirements  and  comment  upon  possible  continuing  application  of  the  data. 
Recommendations  will  also  be  made  for  changes  and  improvements  necessary  to  make  the  data  more 
applicable  to  operational  functions.  The  required  cost-benefit  study  will  produce  results  regarding 
the  worth  of  using  satellite  snowcover  data  for  operational  purposes  based  u[x)n  the  results  obtained 
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in  each  of  the  four  study  centers.  Documentation  and  dissemination  of  the  results  from  the  OASSA 
project  for  informaticmal  purposes  will  include  widespread  distribution  of  handbooks,  woikshop  pro- 
ceedings volumes,  final  reports,  and  scientific  papers. 


SUMMARY  AND  CONCLUSIONS 

The  efforts  involving  the  analyses  of  satellite  data  and  its  relationship  to  seasonal  runoff  provide 
several  conclusions  listed  in  the  following  paragrapdis. 

1.  On  larj(8  watersheds  (10^  to  10^  km^)  where  the  flow  is  relatively  unimpaired  by  reservoirs 
or  water  withdrawals,  meteorological  satellite  snowcover  observations  apparently  can  be 
used  in  lieu  of  other  snowpack  parameters,  such  as  depth  or  volume,  to  estimate  seasonal 
runoff  if  enough  years  of  information  exist. 

2.  On  watersheds  as  small  as  10 km^  in  areas  with  infrequent  cloud  cover  during  the  snowmelt 
season,  LAIff)SAT-l  data  can  be  used  to  accurately  measure  the  extent  of  snowcover  and 
monitor  its  change  with  time.  It  seems  to  be  possible  to  quantitatively  relate  the  percent  of 
the  basin  snowcovered  on  a given  date  to  a measure  of  seasonal  runoff  on  the  small  water- 
sheds similar  in  nature  to  that  performed  on  the  large  Indus  River  Basin.  In  the  United 
States  it  is  necessary  to  develop  such  relations  on  small  watersheds  in  order  to  effectively 
predict  streamflow  at  points  above  significant  water  diversions. 

3.  Because  of  the  quantitative  relations  developed  here  it  appears  that  satellite  observed  snow- 
covered  area  could  be  usefully  employed  as  an  additional  seasonal  runoff  index  parameter  or 
as  an  input  into  certain  hydrologic  models . The  advantage  of  such  intormation  is  that  they 
are  non  hazardous,  easy  to  obtain  data  requiring  no  access  to  restricted  wilderness  or  re- 
mote areas.  In  the  Western  United  States,  because  of  the  significance  of  water  stored  in  the 
form  of  snow  for  hydroelectric  power  generation,  irrigated  agriculture,  and  reservoir  reg- 
ulation, the  importance  and  value  of  more  accurate  runoff  information  provided  by  satellite 
observations  is  very  promising. 

As  a result  of  the  promising  results  derived  in  this  study  and  others,  an  Application  Systems 
Verification  Test  (AS<  T)  has  been  initiated  in  the  Western  United  States  to  evaluate  under  operational 
conditions  the  overall  utility  of  satellite  snowcover  observations  for  streamflow  forecasts.  A total  of 
six  federal  agencies  and  three  state  agencies  are  cooperating  in  four  regions  centered  in  Arizona, 
California,  Colorado,  and  Oregon.  All  cooperators  in  the  project  will  be  comparing  results  and  ex- 
perience acquired  to  date  in  . workshop  to  be  held  in  August  1975.  At  the  conclusion  of  the  ASVT, 
handbooks,  workshop  proceedings,  final  reports,  and  scientific  papers  produced  in  conjunction  with 
this  project  will  be  disseminated  so  that  all  interested  parties  may  evaluate  the  overall  results  and 
assessments  ot  the  application  of  satellite  snowcover  observations. 
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TABLE  I.  - ARIZONA  SNOW  ASVT  ORGANIZATION  AND  RESPONSIBILITIES 


A.  Project  Coordinator 

Mr.  Herbert  H.  Schumann 
USGS,  WRD 
Phoenix,  Arizona 

B.  Operational  Agency  Cooperators 

Mr.  William  Warskow,  Watershed  Specialist, 
Watershed  Division 

Mr.  Ted  Wilson,  Lead  Engineer,  Water  Resource 

Operations 

Salt  River  Project 

Phoenix,  Arizona 

C.  Remote  Sensing  Specialist 

Mr.  Herbert  H.  Schumann 

D.  Study  Watersheds 

Salt  River 
Verde  River 

E.  Applications  of  Data 

Reservoir  Regulation  (for  power,  irrigation,  water 
supply,  and  flood  control  in  order  of  priority) 

Short  Duration  Runoff  Forecasting 

TABLE  II.  - CALIFORNIA  SNOW  ASVT  ORGANIZATION  AND  RESPONSIBILITIES 


A.  Project  Coordinator 

Mr.  A.  J.  Brown,  Chief 

Snow  Surveys  and  Water  Supply  Forecasting  Section 
California  Department  of  Water  Resources 
Sacramento,  California 

B.  Operational  Agency  Cooperators 

Snow  Surveys  and  Water  Supply 
Forecasting  Section,  California  Dept,  of 
Water  Resources 
Sacramento,  California 

C.  Remote  Sensing  Specialist 

Mr.  Barry  Brown,  California 
Department  of  Water  Resources 

D.  Study  Watersheds 

Feather  River 

Upper  Sacramento  River 

San  Joaquin  River 

Kings  River 

Kem  River 

Kaweah  River 

Tule  River 

E.  Applications  of  Data 

Supply  various  California  Snow  Surveys  Cooperators 
with  Seasonal  Runofl  Forecasts . 

Irrigation 
I'ower  Generation 
Flood  Control 
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TABLE  ni.  - COLORADO  SNOW  ASVT  ORGANIZATION  AND  RESPONSIBILITIES 


A.  Project  Coordinator 

Mr.  Jack  Washichek 
Snow  Survey  Supervisor 
Soil  Conservation  Service 
Denver,  Colorado 

B.  Operational  Agency  Cooperators 

Mr.  Jack  Washichek 

Soil  Conservation  Service 

Dr.  Jerry  Danielson,  Deputy  - State  Engineer 

Colorado  Division  of  Water  Resources 

Mr.  Bob  Hansen 

Bureau  of  Reclamation 

C.  Remote  Sensing  Specialist 

Mr.  Bob  Hansen,  USBR 

D.  Study  Watersheds 

Rio  Grande  River  Above  Del  Norte 
Conejos  River  Above  Mogote 
Culebra  River  Above  San  Luis 
San  Juan  River  Above  Carracus 
Arkansas  River  Above  Salida 

E.  Applications  of  EJata 

Better  Flow  Forecasts  on  the  Rio  Grande  River  so  that  the 
State  of  Colorado  can  Better  Regulate  Reservoir  Releases  of 
Water  to  the  State  of  New  Mexico  as  Required  by  Law. 
Reservoir  Regulation  for  Irrigation  and  Power 
Requirements. 

TABLE  IV.  - NORTHWEST  SNOW  ASVT  ORGANIZATION  AND  RESPONSIBILITIES 


A.  Project  Coordinator 

Mr.  Fred  A.  Limpert,  Head 
Hydrology  Section 
Bonneville  Power  Administrator 
Portland,  Oregon 

B.  Operational  Agency  Cooperators 

Columbia  River  Forecasting  Service.  (CRFS) 
Portland,  Oregon 
CRFS  is  composed  of: 

1)  Bonneville  Power  Administration 
Mr.  Fred  A.  Limpert,  Head 
Hydrology  Section 

2)  U.S.  Army  Corps  of  Engineers 
Mr.  Morris  Larson,  Chief 
Hydrologic  Engineering  Section 

3)  NOAA/National  Weather  Service 

C.  Remote  Sensing  Specialist 

Dr.  Mark  Meier.  USGS 

D.  Study  Watersheds 

Boise  River  Above  Lucky  Peak  Reservoir 
North  Santiam  River  Above  Big  Cliff  Reservoir 
Snake  River  Above  Heise 

E.  Applications  of  Data 

Power  Generation 
Flood  Control 

2678 


TABLE  V.  - NOAA/NESS  SNOW  ASVT  SUPPORT  STUDY 


A.  Study  Coordinator 

Mr.  Russ  Koffler,  Chief 
Environmental  Products  G.  oup 
NOAA/NESS 
Washington,  D.C. 

B.  Operational  Agency  Cooperator 

Mr.  Jack  Bottoms,  Manager 
NOAA/NESS 

Satellite  Field  Cervices  Station 
Redwood  City,  California 

C.  Remote  Sensing  Specialists 

Mr.  Don  Weisnet 
Dr.  David  McGinnis 
NOAA/NESS 

Environmental  Sciences  Group 
Mr.  Stan  Schneider 
NOAA/NESS 

Environmental  Products  Groups 

D,  Operational  Services 

Support  in  the  Form  of  Imagery  for  Each  of  the 
ASVT  Study  Watersheds  from  the  Satellite  Field 
Services  Station  and  Supplemental  Snowcover 
Analyses  for  Several  other  Rivers  in  the  West. 
Snowcover  Values  are  sent  by  Telet3rpe  to  NWS 
River  Forecast  Centers. 

E . Research  Study 

Investigate  Effect  of  Vegetation , Tree  Lines , and 
Mountainous  Terrain  on  Snow  Mapping. 

Digital  Enhancements  of  Snow/Terrain  Interfaces. 
Examination  of  Sources  of  Snow  Mapping  Errors. 
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